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FOREWORD

This is the final report of a pulse capacitor development program
supported by the Aero Propulsion Laboratory at Wright-Patterson Air Force
Base, Ohio, under contract F33615-75-C-~2021, Project 3145, Task 32,
Work Unit 17. The program was monitored by Mr. Michael P, Dougherty
of the Power Systems Branch, The Program Manager at Hughes was A
Dr. Robert D, Parker,

The majority ot the work described herein was conducted by the
Hughes Aircraft Company at its Culver City, California facility. The flame
spraying and electron beam welding discussed in Section 13 were performed
by shops in the Culver City area. The final pulse testing described in Sec-
tions 10 and 16 was carried out at the High Power Laboratory of the Rome
Air Development Center, Criffiss Air Force Base, New York.

Robert D. Gourlay designed the pulse test instrumentation, including
the load and the waveshape control, and conducted some of the pulse tests.
Clareiw.c2 Stroope, Watson Kilbourne, and Don McWilliams assisted
Mr. Gourlay. Ronald V. DeLong designed and fabricated much of the corona
test instrumentation, as well as the automatic sequencer for the pulse test
equipment. Ernest R. Haberland, assisted by Mr. Kilbourne, was respon-
sible for the winder design. Mr. Haberland, assisted by Harry Ashe,
designed and fabricated the final pulse test power supply. Robert S. Buritz
and Edward G. Wong fabricated capacitors and consulted on capacitor design.
Mr. Buritz, Mr. Kilbourne, James H. Holley, and H. Haydostian developed

lightweight capacitor cases. Ronald L. Williams developed extended foil
terminations and assisted in the foil edge work. Thermal analyses were
performed by Peter F. Taylor and Herbert Rifkin. Donald C, Smith
designed the oil filtration and filling system, and consulted on contamination

control. Richard Holbrook and Norman Bilow consulted on material properties




and chemical compatibility. James J. Erickson performed many of the

failure analyses and operated the scanning electron microscope.

Many helpful suggestions were provided by Ed Bullwinkel and
Richard Taylor of the Schweitzer Division of Kimberly-Clark. The advice
and consultation of James O'Loughlin of the Air Force Weapons Laboratory
and Richard J. Verga of the Aero Propulsion Laboratory were very
valuable. Mr. Bobby Gray of the Air Force High Power Laboratory at the
Rome Air Development Center furnished the facilities and assistance for the

full PEN tests, as well »s many helpful comments.
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1.0 INTRODUCTION

Present design concepts for a variety of space and airborne systems
depend upon the emission of electromagnetic energy in intermittent trains of
short pulses. One of the most feasible methods for storing power supply
energy over relatively long periods and transferring it to the tube or other
active element over relatively short periods is the pulse-forming network,
which is composed of capacitors and inductors. Unfortunately, the size and
weight of the capacitors so employed make the design of an appropriately
mobile energy delivery system extremely difficult.

Some effort has been devoted in the past to the development of small,
light-weight pulse-discharge capacitors. An energy density of 210 T/kg
(95 J/1b) at 2.5 kV was achieved by Rice, using a patented metallized elec-
trode configuration on a dielectric composed of polyethylene terephthalate
coated with cellulose acetate. A pulse-service energy density of 310 J/kg
(141 J/1b) at 50 kV was produced by Hoffman and Ferrante, using an
unspecified paper/plastic/mineral o1l dielectric tested at undisclosed dis-
charge width and repetition rates. In an effort to develop airborne com-
ponents, Hoffman was able to reach 480 J/kg (218 J/1b) at a few pulses per
second, and 264-J/kg (120 J/1b) at moderate repetition rates. These
capacitors, which employed a variety of common capacitor materials, were
tested in an urdisclosed electrical environment. In a similar program,
capacitors that demonstrated 105 pulse life were made at 110 J/kg (50 J/Ib)
and 167 J/kg (76 J/1b). The lower density components were tested at repeti-
tion rates up to 250 pps in 60 second bursts, while the higher density

components were run at rates up to 125 pps in 30 second bursts.

T
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The intrinsic dielectric strengths of the films available for use in
capacitors range from 3.1 MV/cm (8 kV/mil) to 5.9 MV/cm (15 kV/mil), so
it appears that energy densities in the range 1100 J/kg (500 J/1b) to
3850 J/kg (1750 J/1b) ought to be possible.

Since these numbers are far in
excess of those reported in the literature, it is pertinent to ask the reason
for the large difference.

Two problems faced in achieving higher energy densities are elec-
trical breakdown and thermal failure. Some capacitors used for pulsed-
energy storage fail because corona arising in manufacturing anomalies or
materials defects eventually punctures the insulation, resulting in a shorted
unit., The second failure results from dissipation of relatively large amounts
of power in a poorly-cooled volume. This can take the form of thermal
runaway, insulation failure because of very great local hot-spot temperatures,
or excessive thermal expansion. This last failure mode is sometimes quite
dramatic; the capacitor case suddenly ruptures from the internal pressure.

To develop small light pulse service capacitors, it is important to
understand the failure mechanisms of wound liquid-impregnated capacitors
and to design components which eliminate or control them. This was the
approach adopted for this program. As many known mechanisms as possible
were eliminated in the initial designs. Then, each design was tested to
failure and analyzed to determine the failure mechanisms. The next design
was made in such a way as to eliminate the newly discovered problem.

This report presents a section on each of the fifteen program tasks.
These tasks were:

Dielectric System Selection

Pad {Section) Design

Wrinkle Free Capacitor Pads

Capacitor Designs

Capacitor Fabrication and Test

Heat Sink/Cooling Trade-off Investigation
PFN Operating Environment

Reliability and Maintainability

Pulse Forming Networks
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Foil Edge Investigation
Case Weight Minimization
Extended Foil Termination
Capacitor Design

PFEN Design and Fabrication
PFN Test

All but the last four of these tasks were concerned with the development of

a capacitor technology for the following service regime:

Current pulse width, per capacitor: 20 uS

Pulse repetition rate: : 300/s
Capacitance s 2.2 uF
Pulse voltage : 15 kV

The last four tasks were concerned with the design of capacitors and a PFN
to the following specifications:

PFN pulse width 10 uS

Pulse repetition rate : 90 to 150/s

L 1)

Stored energy : 2 kJ
Number of sections ¢ 4

E (modified)
30 kV

Network type

Pulse Voltage

Knowledgeable readers will recognize that there is a great difference between
the specifications for the last four tasks and those for the rest of the program.

A complete statement of work for the entire program is found in
Appendix A,
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2.0 DIELECTRIC MATERIALS SELECTION

2.1 INTRODUCTION

These studies and evaluations were undertaken for the purpose of
selecting the materials of construction for high energy density pulse dis-
charge capacitors. The basic objectives here were the se‘lection of those
combinations of materials which yield the maximum energy storage per unit
mass, have minimal or low electrical loss, and would be compatible with
the operating environments known and anticipated for such devices. The
materials evaluated included films, foils, papers and fluids.

The film and foil selections for evaluation were made on the basis of
an analysis of those fundamental properties which wouid determine their
behavior within the device. Their compatibility with the other materials of
construction was established on the basis of known solubilities, chemical
reactivities and previous experimental evaluations. With the exception of
the aluminum-chlorinated biphenyl, no experimental work was performed on
the film and foil combinations.

Unlike the films and foils, the papers and fluids investigation was
largely experimental. Experimentation and testing here was deemed neces-
sary because of several factors. First, there is not existent sufficient
fundamental property information on the candidate papers and fluids, either
singly or in combination. Secondly, the electrical losses in fluids, and alsc
in certain papers, are very dependent upon the processing and purification;
hence, the results reported by any investigator are of value only if the
gsample preparation is given. The importance of processing will be gzen in

this work when comparing "as-received' and "processed' material
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properties. Further, the paper-fluid combination is a complex dielectric

system whose properties can only be determined experimentally. Since
certain of the dielectric combinations investigated here were not found in
the literature, their properties needed to be determined. Finally, the
property measurements of all combinations under similar conditions
provides a common and controlled base from which the comparisons and
final selections can be made. In addition to these factors it was desired
to establish the high temperature aging characteristics of certain com-
binations, again requiring experimental determinations.

The following sections summarize the material selection for each
material type and the results of the paper-fluid aging evaluation. The final
gection provides recommendations for various material combinations includ-

ing the energy storage density and electrical loss characteristics.

2.2 DIELECTRIC FILMS

As stated previcusly, the primary objective of this program was to
develop a high energy density capacitor capable of operating at high PRF
and severe duty cycles. In this regard, the dielectric film will play a major
role. The achievement of t! :oals will be primarily determined by the
properties of the dielectric films used.

The significant properties of a film which wili determine its

behavior in the device include:

Critical field strength
Dielectric constant
Density

Dielectric loss

Temperature limits

e 6 o & 0o o

Chemical reactivity

The first three properties establish the energy storage density (DE), as

given by the relationship

D =16'E2
E me
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where ¢ is the complex permittivity, E is the critical field strength, and Pm
is the density. From this relationship it is obvious that the maximum energy
storage density is achieved by materiais having high dielectric constants
(permittivities), large critical field strengths and low densities. With these
as the only requirements the solution to the problem would be relatively
simpie — tabulate the film properties, calculate the energy storage density,
and the film having the highest value is the preferred material.

The problem of selection becomes more complicated when the fina!
three properties are introduczd. Consider the electrical loss, represented
by the dissipation factor, shown in Figure 1 for several materials. Loss is
important in two aspects. It appears as heat which, if not disaipated,
results in temperature increases which, ifunchecked, will resultin catastrophic
failure. Even when controlled, temperature increases generally lower the
energy storage capacity. This results because increased temperatures
produce lower dielectric constants {in almost all cases), and lower criticél
field strengths. With respect to energy density, the lower the operating
temperature, the higher is the density. Losses, if appreciable, could
require active cooling within the device or pose limitations on PR¥ and/or
duty cycle. Active cooling might actually reduce the energy storage density
since such additions do not contribute to energy storage, but do increase the
weight.

The second area of concern for electric loss is the overall efficiency
of the system. The energy requirements for the device, including the
losses, must be suppliied by an external source. As the losses increase,
there is a corresponding increase on the external power requirements,
resulting in lower overall efficiency.

For the films the electrical loss at 300 Hz and 50 kHz was included
with the energy density in making the final sslection. In the absence of a
clear relationship between the energy density and loss, selection was, in

part, a matter of judgment.
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Figure 1. Dissipation factor versus temperature of various
films at 105 cycles.
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Chemical reactivity and temperature limits are also criteria used in

the selection processzs. The apper temperature limit for films in this
selection was placed at 150°C. To be a final candidate, the film must
(a) be capable of operating at this temperature while maintaining its d=signed
energy storage, (b) not experience excessive electrical loss and (c) be cor..-
patible with the other materials of constructions. Compatibility here refers
to the absence of chemical reactions which could adversely affect the operat-
ing characteristics of the device.

Seven candidate films were compared applying these general require-

ments. These were:

Polycarbonate

Poly(ethylene terephthalatej
Polyimide

Poiypropylene

Polysulfone
Polyvinylfiuoride

Polyvinylidene flunoride

The properties of these materials used in these evaizations are presented in
Tables 1 through 4.

Based on properties of these seven films and the requirements of the
capacitors to be constructed from them, three of the films were selc ~ted as
candidates for device fabrication — (1) polyvinylidene fluoride, {2) polyimide,
and {3) polysulfone.

When compared in terms of energy storage density the polyimide
and the polysulfone rank the highest having potential energy storage densities
of 1.08 and 0. 96 joules/gram. The energy storage capacity for each of the
candidates is given in Table 5. It should be noted that these values are
maximum values based on energy storage at the critical field strength of
films, at nominal thicknesses of 0.5 to 1 mil.

In terms of electrical loss at high frequency, the polyvinylidene
ﬂucri:ie exhibits a larger change with temperature than any of the other films.
At :0° Hz, the room temperature dissipaticn factor is 12%, but this value

falls to about 2% at 80°C. Properly exploited in design, this property can be
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TABLE 2,

FREQUENCY FOR FOUR CANDIDATE FILMS
AT 25° AND 150°C

DISSIPATION FACTORS AS A FUNCTION OF

Dissipation Factor
25°C 150°C
Film 100 Hz | 1000 Hz | 100 kHz | 100 Hz | 1000 Hz | 100 kHz

Polyvinylidene | 0.01 0.01 0.1 >0.2% |o.1%* 0.03
fluoride

Polyimide 0.0025 | 0.003 0.008 0.002 | 0.0015 | 0.002
Polysulfone 0.0008 | 0.001 0.0025 | 0.002 NA NA
Polyester 0.003 | 0.006 0.016 0.0075| 0.008 0.016

%

- extrapolated values

NA - data not available

TABLE 3.

FREQUENCY FOR FOUR CANDIDATE FILMS
AT 259 AND 150°C

DIELECTRIC CONSTANTS AS A FUNCTION OF

Dielectric Constant

25°C 150°C
Film 100 Hz | 1000 Hz | 100 kHz | 100 Hz | 1000 Hz | 100 kHz
o T

Polyvinylidene | 11 10.5 9.5 12.5 11 10
fluoride

Polyimide 3.5 3.5 3.5 3.0 3.0 3.0
Polysulfone 3.1 3.1 3.0 2.9 NA NA
Polyester 3.4 3.4 3.3 NA 3.8 3.7

NA - data not available
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TABLE 5,

MAXIMUM ENERGY STORAGE DENSITIES
OF DIELECTRIC FILMS

Energy Storage Density,
Film Maxiraum (joules/gm)

——

Pclyvinylidene fluoride

0.84
Polyimide 1.08
Polysulfone 0.96

a built-in temperature limiter. The effect would prevent thermal runaway in

a component where the majority of the dissipation occurred in the film.
The chemical reactivity with the other likely materials of construc-
tion does not pose any problems with the possible exception of the sulfone
and the PCB fluid. This combination has not been evaluated however,
based on the solubility characteristics of the sulfone in chlorinated hydro-
carbons it is probable that this combination would not be compatible. The
chemical compatibilities of the three films and the candidate fluids is given

in Table 6. These determinations were made at 1259C,

TABLE 6. CHEMICAL COMPATIBILITIES OF CANDIDATE
DIELECTRIC FILMS AND FLUIDS

Film
Polyvinylidene
Fluid Polyimide Polysulfone Fluoride

DOP C C *
Mineral C C C

0Oil

PCB C * *
Silicone C C C

Oil

* £ Not evaluated




The three films selected exhibit the best overall combination of

properties — energy storage density, electrical loss and chemical com-

patibility — of the seven initia' candidates. FEach of the others demonstrated

at least one major limitation which would limit its use in this application.

2.3 FOILS

The foils in a high energy storage capacitor also play a role in the

final energy storage density of the device. Four basic requirements exist

for a foil:

Low resistivity

Low density

Low chemical reactivity

Capability of being electrically joined

The first two requirements, low resistivity and low density, are

neéded to attain high energy storage density while the latter two are neces-

sary for performance and reliability within the device.

The requirements for a low resistivity and a low density are evident

if these terms are combined to define the conductance per unit mass (k},

using the following formula:

1
PePm

where Pm is the dengity and Pe the resistivity. For the capacitor foil, the
highest possible value of k is desired.

Four foils were considered for use

Aluminum
Copper
Nickel

Tin

Their properties are summarized in Table 7.




HI "L Wl H, P

h

AR
Y

Tl '!,h“"' L o A BT M SOV

, il e el

TABLE 7. PROPERTIES OF CANDIDATE CAPACITOR FOILS

Volume
Resistiviwy Density at 20°C
Foil Metal {ohm-cri x 10'6) (g/cm3)
=+ ———— ——
Al 2.8 at 20°C 2.70
3.9 at 100°C
Cu 1.8 at 20°C 8.89
3.0 at 200°C
Ni 6.8 at 20°C 8.90
10.3 at 100°C
Sn 11.5 at 20°C 7.30
20.3 at 200°C

After reviewing their properties, aluminum was selected as the
preferred foil material. Aluminum has the lowest mass resistance, it is
chemically nonreactive with tne other candidate materials (PCB being a
possible exception), and can be either welded or mechanically joined to pro-

vide joints of low electrical resistance.

Copper, while having the lowest resistivity because of its relatively
high density, has a high mass. Of the four metals, Cu 3 probably the easiest
to electrically join and yields the lowest joint resistance. Nickel and tin
were rejected because of their high resistivities and densities and because

of their potential chemical reactivities. In addition, Sn salts, if formed,

can induce polymerization of silicone fluids or may aid in saponification of
esters ‘such as dioctylphthalate if moisture is present.

2.4 DIELECTRIC PAPERS AND FLUIDS

The discussion of the evaluation of papers and fluids is combined
because in fact the two materials function tcgether uniquely within the
capacitor. FEven though the properties of a fluid-impregnated paper are
unique, these properties are dependent on the individual properties of the

paper and the fluid. Because of this dependence the properties of the papers

15
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and the fluids were studied separately as well as in combinations. It should

be noted that these property studies were limited to investigations of electric
lose and capacitance as a function of frequency and temperatures. No criti-

cal field strength or electrical breakdown determinations were performed in
these evaluations.

The following sections summarize the preliminary selection phases
and experimental studies for the papers and fluids as performed separately
and for various combinations. Also included are those results of thermal
aging tests conducted with selected combdinations.

Before discussing the experimental results, a review of the general
requirements is in order. Like the films, the papers and tivids serve a
major role in the energy storage of the capacitor. The major function of the
paper-fluid combination is to eliminate gaseous regions between the films.
Furthermore, because of their properties, the combination also plays an
active role as a dielectric. The properties of the paper-fluid combinations
can affect the voltage distribution within the capacitor and hence the energy
density of the device. Because it is 2 charge-storing media with related
electrical losses, it can also contribute to heating within the device. Because
the paper-fluid is an active diclectric within the device, the combination has

requirements essentially the same as those of the films.

2.4.1 Dielectric Papers

A primary function of the paper in a capacitor is to provide positive
separation between the film and foil. It is also used between multiple film
layers as a separator. This separation combined with the irregular nature

of paper aids in the elimination ¢f trapped gases when the combination is

kit

properly impregnated with a dielectric fluid. Since it is to function as an

active dielectric, certain properties of the paper become important in

i

defining its behavior. These include:

® True (fiber) density

Dielectric constant

Electrical loss characteristics
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e¢ Thermal stability

e Fluid compatibility
e Thickness

The general discussions given for similar properties of films can
also be applied here to the papers. Thickness is included as a property of
the paper hecause of the thickness limit frequently encountered in papers.
The general goal is to have the thinnest paper possible while not sacrificing
handling and manufacturing requirements., Thin paper having the appropriate
dielectric properties will result in the maximum energy storage density.

In this evaluation of papers, seven materials were initially

consgidered:

Kraft paper (capacitor grade)
Pure alpha-cellulose

Liens tissue

Asghless filter paper
Poiyester paper

Aromatic polyamide

Microporous polypropylene

The first four papers are all cellulose materials. The basic differeace lies
in the types of fiber binder materials and fillers which can affect the basic
properties. The final three are synthetic papers, so-called because the
basic films are man-made.

An initial review of the properties of the seven materials suggested

four materials for further consideration and experimentation. These were:

Krait paper
Lens tissue

Aromatic polyamide

Polyester

Of the three synthetics, the polypropylene was eliminated because of
its temperature limitations. This paper has a melting point of 140-145°C
which is below the 150°C design requirement. The two synthetics selected
have operating temperatures in excess of 175°C. Both appear to be com-

patible with the candidate fluids.
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Selection of two cellulosic papers permitted the investigation of the

effects of binder type on the characteristics of this clasa of papers. The
kraft paper was chosen as being representative of a high ash content material.
The lens tissue has an especially low ash content. The ash contents were

3.1 and 0.6%, respectively. It should be noted that the lens tissue did not
have the lowest ash content, the ashless filter paper, Whatman's No. 44,
being the lowest at 0.02 percent. However, the lens tissue was available

in a form in which test devices could be made, whereas the filter paper was
not. In addition, if the tests with the lens tissue were successful, it would
be available in a 1 mil thickness as a standard item, while the ashless papers

were available only in 2 mil or greater thicknesses.

Paner Experiments

Two sets of experiments were conducted on the four papers. One set
involved a methanol extraction while the other was a characterization of the
dielectric constant and dissipation factor as a function of frequency.

The test device used in both evaluations consisted of a cylindrical
capacitor wound with the paper being studied. The device was wound on a
Teflon core and used aluminum foil electrodes with nickel attachment tabs.
The capacitance values for the test devices ranged from 1000 to 6000 pico-

farads. Figure 2 shows a typical test device.

Figure 2. Typical test device used
in paper and paper-fluid evaluations.




The methanol extractions were conducted to determine the effects

of the removal of polar, soluble materials on the electrical loss properties
of the papers. Such loss reductions, if resulting, could be significant in the
performance of tha capacitor by reducing temperature rises due to such
losses.

In these experiments, the test devices were first dried for 72 hovrs
at 105°C. Next, the capacitance and loss were measured at room tempera-
ture and 1.0 kHz. It should be noted that the devices were maintained in a
desiccator unu: measured to assure their dx:yness. After measuring, the
devices were placed in a Soxhlet extractor containing spectrochemical grade
methanol and extracted. The number of extraction cycles and the cycling
rates varied for the different papers because different extractors were used
for each paper. The extraction information for each paper appears in
Table 8. After the extraction was complete, each device was vacuum
dried for 72 hours at 100°C and 0.1 torr. The devices were then retested.
All of the devices showed a reduction in loss as a result of extraction. In
no case was there a change in capacitance, hence, dielectric constant.

While these results suggest extraction for all papers, it should be
emphasized that these results apply only for 1.0 kHz values at room tem-
perature. It has been stated that such extractions can remove all of the
lignin from tke kraft paper resulting in increased losses at elevated tem-
peratures and higher frequencies. This characteristic was not verified in
these experiments. If such were the case, it is also possible that the
extractables noted with the polyester and to a lesser degree with the
aromatic amide, could behave similarly. Again these possibilities were
not studied in this evaluation.

Until such studies are undertaken, it is felt that extraction should
not be introduced into the capacitor prccess.

The final paper experiments dealt with characterizing the dielectric
constants and dissipation factors as a function of frequency. The purpose
here was to develop data which could be used in designing devices and inter-

preting their performance.
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TABLE 8.

EFFECTS OF METHANOL EXTRACTION ON THE
CAPACITANCE AND DISSIPATION OF CAPACITOR PAPERS

Ch.:nRe in
Device Capacitance Dissipation Factor Dissipation
Capacitar Serial at 1 kHz and at 1 kHz and R.T., Factor Due to
Paper Namber Conditioning R.T. {pF) x 104 Conditioni-x{i! %
Kraft 1 Vacuum dried at 105°C 6193 38
1.0 mit 2 for 72 hours 5863 35 N
3 5757 3%
4 5891 3L
i4 5857 42
H Methanol extr‘astion:(z) 6334 30 -zl
b3 vacuum driedl? . 6034 31 -1
3 5910 30 -17
4 6159 31 -14
14 31 -26
Kraft 1 Vacuum dried at 105°C 4997 36
0.5 mil 2 for 72 hours s105 35
3 5023 3%
14 497 39
1 See notes {2) and {3} 5188 26 -28
2 §33% 28 -20
3 5140 23 -19
14 <484 30 -23
1 Vacuum dried at 105°C 1968 22
l.ense 2 for 72 hours 1957 22
Tissue
1.0 mil 1 Marhanol cx:rastian:“) 2100 17 -23
2 vacuum dried! 2014 17 =23
1 Vacuum dried at 125°C 2214 20
Pulyester 2 for 72 hours 2151 i9
P
1.9 mil H Methanol exlractcd;“) 2277 i4 -30
2 vacuum dried
i Vacuum dried at 105°C 1069 31
2 for 72 hours 1083 iz
3 o8l 34
] 1079 3z
Nomex
1 See notes {5) and {3) 112% 7 ~13
2 1143 10 -6
3 1128 38 -13
4 1126 30 -6
(H:.'_3 . DF (after extract) - DF (before extract} < 100

{before extract)

A
(').'.-iﬂ sxtraction cycles of 1/2 hours per cycle.

22 hours at 100°C and 0.1 Torr.
s extraction cycles at 2-1/2 hours per cycle.

g
(542 extraction cycles at 1/2 hours per cycle.
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The test devices used were capacitors like those described in the
extraction experiment. In these determinations, the devices were first
dried at 105°C for 24 hours. The devices were then returned to réom tem-
perature, in a desiccator, and the capacitance and dissipation factors
measured. Measurements were made at 100, 1.0 kHz, 10.0 kHz and
100 kHz.

The dielectric constants and dissipation factors observed in these
tests are given in Table 9. No significant change in dielectric constant is
noted for any of the papers over the frequency range tested, while all showed
an increase in the dissipation factor. It should be noted that the lens tissue
has a lower dissipation factor over the frequency range than does the kraft
paper. Since the kraft was unextracted, hence containing lignin, and the
lens tissue is essentially lignin free, these results do not support the
postulated advantage previously stated for kraft paper. Further studies,
however, are required to definitely establish the lignin effect. It should be

noted that none of the papers used in these evaluations were extracted.

TABLE 9. CAPACITANCE AND DISSIPATION FACTOR AS A
FUNCTION OF FREQUENCY FOR CANDIDATE PAPERS —
MEASURED AT 23°C

¥
Evaluation F requency .
100 iz .o kiiz 10.9 kliz 100 klz
[Capacitancd] hssipation [Capaustam of irssipation [GCapacitam of issipation [Capacitance] Dissipation
Paper {pF} Factor {pkF1 Factor {pF} Factor H 3 Factor

Kraft 5648 a.0034 Shlh g a0dl 5340 9.0064 55414 0.0110
{1 mil
j.ense 1892 a. 0014 1887 & agal 1451 80326 1873 O 8052
Tissue
il auil
Nomex [ R R 1Y 0.06923 i1z G 0032 1106 8.003¢6 1100 0.0045
i1 mais}
Polyester 2223 g8.0008 2219 $.0029 2211 0.0040 2194 0.8073
i oulj
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Of the four papers, the kraft paper has the highest apparent dielectric

constant and the polvester the lowest.

Kraft paper has the highest dissipation factor with the lens tissue and
the polyester the lowest. The dissipation factor for the aromatic polyamide
is least affected by frequency over the test range.

The results of these frequency studies combined with other property
data indicate that each of these papers is potentially suitable for use as a
capacitor dielectric. The determination, however, will be based on the
properties resulting when fluid impregnated and their compatibility with
those fluids.

¢.4.2 Dielectric Fluids

The dielectric fluid, like the paper, is an active element in the
capacitor. The fluid functions together with the paper to achieve a gas-free
condition between films and foil layers. Property considerations for fluids

used include:

Low density

U]

High dielectric constant
Low electrical loss
Thermal stability

High specific heat

Low surface tension

Since the fluid will contribute to the energy storage density, it is
desirable to optimize thuse properties contributing to energy storage: i. ¢.,
the dielectric corstant and the density. In addition, it is necessary to have
a hizh critical field strength, although for most dieléctric fluids the values
under comparable conditions 2re nearly equivalent. Of the materials of con-
struction, the electrical losses of the fluids are potentially the highest and
certainly the most dependent on processing and conditioning. As with the
other materials of construction, the fluids must be chemically cempatible
with these other materials and must remain thermally stable under the con-
ditions of operation. For the fluids, particular attention must be given to

reactions or conditions which could lead to gas formation. Gzssing would he
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catastrophic to the device. Since the fluid is present as a major mass in

the device, a high specific heat could lower the temperature rise associated
with intermittent operaiicn. Finally, the lower the surface tension, the
better the wetting and degree of impregnation.

With these property considerations as the guide, ten dizlectric
fluids were selected for initial consideration:

Polychlorinated bipheny! {Inerteen 100-42)
Alkylated benzene {Chevron .0 138)
Fluorinated polyether (Freon E-5)
Polyisobutylene {Chevron 32E)

Mineral oil, capacitor grade

Polyphenyl ether (0S-124)

Alkylphenyl siloxane (SF-1050}

Castor oil

Dioctylphthalate

Poly{dimethylsiloxane} [DC200]

The properties of these fluids are given in Table 10. Liter

reviewing the properties of these materials, four were s2lected for evzlua-
tion with the papers. These were:

Mineral oil {capacitor grzds)
Dioctyl phthalate
Polychlorinated biphenyl

Silicone fluid (SF-1050)

Mineral oil was selected because of its long record of successful use

in high voltage capacitors. This {fluid in the absence of oxygen or oxidizing

agents is among the more inert and thermally stable materials. Dioctyl-

phthalate (DOP) was selected for its potentially high energy density storage

properties. DOP combines a relativelv high (by comaparison) dielectric con-

stant and a low density. In the absence of reactive metals and moisture DOP

is a high stable compound.

One concern with DOP was electrical loss
characteristics.

Any material synthesized from an organic acid has the
possibility of having high electrical ioss.

The polychlorinated biphenyl
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(PCB), sometimes referred to as an askarel, was chosen because of it high
dielectric constant. Unlike DOP, the energy storage dcusity for PCB is not
expected to be high because the high dielectric constant is combined with high
density. Although the energy density may be low, the high dielectric con-
stant of the fluid could contribuc. the high capacity sought for the paper-
fluid combination. The limitation on the PCB is its regulation as an
environmentally controlled material. There was also some concern regard-
ing a possible reaction with aluminum. The latter was studied experimentally
and will be described in a following section.

The final fluid chosen was a pure silicone compound. This
material was selected for its chemical inertness and high thermal stability.
The silicones, having very low surface tensions, should be excellent impreg-
nants, as has been previously demonstrated. It was postulated that if any
problems were encountered with mineral oil, the silicone could be an adequate
substitute,

Reasons for nonselection of other materials included cost (fluorinated
esters and polyphenyl ether), marginal chemical and thermal stability
(castor oil), and equivalent properties to a selected material (silicone oil
and alkylated benzene).

The four fluids selected for evaluation with the papers were believed
to be capable of providing a representative summary of the properties to Le

expected from such combinations.

Fluid Experiments

Three experiments were conducted with the selected fluids. These

included:

° PCB — aluminum foil compatibility tests
Studies of purification methods

Characterization of dielectric constants and dissipation factors
as a function of frequency.
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Following are summaries of these experiments:

PCB ~ Aluminum Foil Compatibility. These experiments were

undertaken to examine the possibility for this combination of materials to
result in a Friedel-Krafts reaction.

This reaction is iaitiated by the formation of AICI3 which then could
serve as the catalyst for a dehydrohalogenation reaction. Such a series of
reactions, if they occurred, would comgletely degrade the fluid and result in
failure of the device. Thus, before further studies were made with the PCB,
thig potential reactivity had to be characterized.

Friedel-Krafts reactions are reaction-catalyzed by Lewis acids and
AlCl3 is one of the most active catalysts of this type. Its effectiveness is
attributed to its very strong affinity for a pair of electrons; thus, in a fluid
such as PCB, it would complex with halogen atoms of the fluid molecule and

thus induce cleavage. This may be illustrated as follows:

cl <l © c1 cl
act +u L)t~ awcy + OO

The degraded fluid could then interact with other fluid molecules to yield
higher molecular weight products, eliminate a proton, or in the presence
of moisture couple with the hydroxyl ion and generaiez a proton which ulti-
mately would end up as corrosive hydrogen chloride.

To determine the reactivity of the PCB and Al the following tests
were conducted. In these tests Al foil was exposed to the PCB (Westinghouse
Inerteen 100-42) at 23°, 52° and 100°C. In one set of condicions the foil
was formed into cylindrical electrodes which were positioned concentrically,
immersed in the PCB and electrified with a dc potential at the test tempera-
ture. In this test, the electrode spacing wa, normally 0.2 inches and the
applied voltage was 1000 Vdec. The purpose of this expariment was to
identify electrical effects as an initiator or accelerator for chemical reac-
tions between the foil and the PCB and if occurring characterize the electrode

polarity behavior. In the other condition evaluated, a sample of Al foil was

26




simply immersed in the PCB and heated. The test samples are shown in
Figure 3. In both conditions the foil weights were recorded at the begin-
ning and end of the exposure periods. In addition the appearance was noated
for both foils and the fluid. The dc volume resistivity of the fluid was
measured at the beginning and end of the test period and the dc leakage cur-
rents were monitored throughout the exposure periods for the electrified

samples. It should be noted that the PCB was used as received in these

—I|—®

tests.

b, UNELECTRIFIED
SAMPLE

s ELECTRIFIED
TEST SAMPLE

Figure 3. Test samples used in PCB-Al foil reaction tests.

The results of the 192 hour exposure at 23°C, 532 hou:s exposgare at
52°C, and 355 hours at 100°C are given in Table 11. No detectable weight
changes were noted in either the clectrified or unelectrified foils at the low
temperature exposures. After the 100°C exposure all of the foils showed a

slight increase in weight (less than 0.1 percent) but with no change in

appearance. Throughout the tests the fluid remained unchanged in appearance
and viscosity with no evidence of turbidity, precipitation or geparation.

These experiments were run serially using the same foils and fluids.
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The slight increase in volume resistivity noted for the PCB is probably
the result of electrophoretic and electrolytic removal of trace ionic
contaminants. Such processes could account for the reduced conduc-
tance noted daring each exposure.

The results of these tests indicate that the PCB, Westinghouse
Inerteen 100-42, would be non-reactive with a pure {99. 5%) Al foil for
limited exposures at temperatures in excess of 100°C.

However, this non-reactivity may in part be due to the presence of
a monofunctional epoxide compound which is present in the fluid and which
if destroyed or consumed could greatly alter the observed reactivity. For
the Friedel-Krafts reaction to occur A1Cl3 must be present. In the
Al-PCB system, AlClz would result from the formation of HC1 which
could be generated by dehalogenation of the PCB and the subsequent
reaction with moisture. With the epoxide present both the moisture

content and HC1 are greatly reduced or eliminated. Epoxides are
"'getters" for both H,O and HC1

R H,0 . C,OHC,OH
R-C-C v
HCL -
OH
/

R~C-C-CL

Thus, it bc.omes apparent that conditions which couid deplete or eliminate

the epoxide compounds could lead to the destructive Friedel-Krafts reaction
between the Al foil and the PCB.

Purification. The purity of the dielectric fluids will determine to a

significant extent their electrical loss properties. The losses in a dielectric

are derived from several sources. Among these are ionizable materials

and moisture. Their concentration will in part determine the conductance

of the fluid with their elimination resulting in lower electrical losses.

Following is a summary of the purification methods employed on three of
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the selected fluids. It should be noted that the PCB in all evaluations was
used either ""as-received" or after filtering it through a 5 micron TFE
filter. Purification methods were not used because of concern for removing
or altering the epoxide compound.

The three fluids purified were

) Dioctyl phtzhlate
® Mineral oil (capacitor grade)
e Alkylaryl silicone fluid (GE SF-1050)

Two grades of DOP were compared in the purification study, a
purified material from Eastman Chemical and a plasticizer grade from
BASF. It should be noted that the two grades were compared because
of cost differences with the purified material costing approximately
20 times rnore than the plasticizer.

In these evaluations the effects of purification were determined by
measuring the dc resistivities and the dissipation factors. Both measure-
ments were made using a Balsbaugh G-350 test cell. The dc measure-
ments were made at 500 Vdc, while the ac measurements were made at
100, 1,9 K, 10.0 K and 100 kHz and a voitage of 10 Vdc. All measure-
ments were made at 23°C.

The DOP purifications were undertaken using anhydrous, neutral
alumina (AIZOB)' The first experiments were performed using the purified
compound to establish the effectiveness of AIZO3 as a purification media.

In these evaluations, two columns were prepared using 140 mesh AIZO3.

One column was approximately 100 grams of A1203. The other was approxi-
mately 4 inches high and 2-1/2 inches in diameter and contained 200 grams
of A1203.
For the long column approximately 300 milliliters were purified and

for the short column, 800 milliliters. The results of these purifications are

30
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given in Table 12. The results show both columns to be of comparxile

effectiveness as purifiers for the DOP. Both result in approximately

50 times increase in the volume resistivity putting this material in the range

TABLE 12. A COMPARISON O’ COLUMN LENGTH ON THE
PURIFICATION OF DOP "URIFIED GRADE)

WITH AL.,O
Volume Dissipation Factor

Column Length and Resistivity Frequency
(Amount of A1203) (ohm-cm) 1.0 kHz 100 kHz

None 7.4 x 1010 0.004 0.0001}

(As received)

18 inches 4.9 x 1012 0.0005 0.0003

(100 grams)

2 inches 5.0 x 1012 <0. 00005 0.0004

(100 grams)

where it could function as a reasonable dielectric.
obgserved after one pass the question was raised concerning the effects of a
This was tried using a new long column

The results, given in Table 13,

multiple pass through the column.
and fluid from the initial long column run.

show very iittle change. A third pass through the long column resulted in

no further change in the electrical loss properties when compared with two

passes.

With this improvement

itttk ﬂiﬂm it
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TABLE 13, EFFECTS OF MULTIPLE PASSES THROUGH AN
Al1,0, COLUMN OF THE PURITY OF DCP (EASTMAN)

3 203
= Volumtlz Dissipation Factor
- Number of Passes Resistivity
A Through Long Column (ohm-cm) 1 kHz 100 kHz
= S
— None (As received) 7.4 x 100 0.004 0.0001
3 1 4.9 x 10'2 0.0005 0.0003
2 5.2 x 1012 0.0005 0.0003
3 5.0 x 1012 0. 0006 0.0004

L LT

DO VR

Although the DOP used in these evaluations was colorless in

appearance the columns after the initial pass both contained a light brown

color at the top and turned a light yellow throughout the lower lengths. The

multiple pass columns were both light yellow after processing. The extracted

materials were not analyzed so their contribution to the losses cannot be

assessed.

Having demonstrated that the electrical losses of DOP could be

o

lowered by A1203 purification, the purification of the plasticizer grade

i

material was undertaken. Because of the increased flow rate the short
column was used. Ag with the purified grade, approximately 800 milliliters

w~as purified using 200 grams of ““203'

L s

The results of the plasticizer grade DOP purification, given in

Table 14, show this material to have electrical loss properties compara-

hle to the purified grade after both have been I’t‘izO3 treated.
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TABLE 14. PURIFICATION OF PLASTICIZER GRADE DOP

USING A1, O

273
Diasipation Factor
Frequency
Volume Eesistivity

Conditionag at 500 Vdc (chm-cm) 1.0 kHz 100 kHz
I .

None 1.7 x 10! 0.002 0.0006

Single pass 5 x 1012 <0. 00002 0.0G05

through

A1203

The capacitor grade mineral oil was processed using the standard
hot evacuation process. In this method the oil is first evacuated to approxi-
mately 0.2 Torr and then heatad to 105°C - 110°C. The basic effect of this
process is to remove moisture and dissolved air. The moisture is signifi-
cant with respect to losser while the dissolved air has a significant effect
on the critical field strength. The latter was not, however, relevant to
these tests.

In this evaluation 500 milliliters of oil was placed in a 1 liter beaker
and evacuated to 0.2 Torr. Next, the oil was heated while stirring to 105°C.
The oil was maintained under these conditions for 8 hours, then cooled
under vacuum. The chamber 'vas filled with dry nitrogen and the oil trans-
ferred to a clean, dry, glass bottle. Measurements made on this oil were
those previously described for DOP.

The results of this proceasing are given in Table 15. Note that
the volume resistivity increased apgroximately 20 times. It is important
to note that in this case the electrical properties of the "as received" oil
were very good. When a low loss fluid is initially available the hot evacua-

tion provides adequate purification. If, however, the starting material
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were of a low or even unacceptable quality, e.g.. a volume resistivity of
mlz _ l013

evacuation would be required.
SF-1050, an alkylaryl silicone fluid, was the final material purified.

ohm-centimeters, then, a hot clay treatment followed by hot

It shoul'd be noted that the material uced in this evaluation was of marginal

quality. Three purification methods were used with this silicone:

e recirculating through a clay filter
e percolating through a clay column

® percolating through an A1293 column

In the first method, approximatsly one gallon of fluid was recircu-
lated through one pound of attapulgas clay for 6 hours at room temperature.
This process brought the volume resistivity to the minimum acceptable
level, 1 X H}ls ohm-centimeter.

Next, a sample of the clay was baked at approximately 300°C over-
night. The clay was then introduced into a 24-inch column one inch in
diameter. A 600 milliliter sample was then passed through the column.
The resulting volume resistivity for this treatment was slightly higher
(2 X 10 ~ ohm-centimeters) than that achieved using the recirculating
method.

In the final method a 24 inch column was packed with approximately
150 grams of anhydrous, neutral A1203 and 500 milliliters of fluid were
percolated through the column at room temperature. This method resulted
in the iargest increase in resistivity, producing a volume resistivity of
ohm-centimeters.

The results of the silicone purifications are given in Table 15.

It is of interest to note that while each purification method produced measur-
eable changss in the volume resistivity of the silicone no significant differ-
ences were noted in the dissipation factors resulting from the different
methods. All resulted in a comparable reduction in the ac loss. Inall

cases, the dielectric ccastant remained unchanged by the processing.




From the purification studies of the three fluids evaluated it is seen

that in each case an improvement in electrical iosses results. These

results confirm the earlier statement regarding the ser- *ve nature of

electrical losses within liquids and support the need for special handling

and processing.

Characterization. Finally, in this study of the dielectric fluids,

their dielectric constants, dissipation factors and volume resisitivities

were characterized. The ac measurements were made at 10 volts and at

frequencies of 100, 1.0k, 10.0k and 100kHz. The volume resistivities

were determined at 500 Vdc. The Balsbaugh cell was used.

The samples were purified as follows:

¢ DOP (plasticizer grade): percolated 800 milliliters through
200 gms of A1;03 ona 4 inch X 2 1/2 inch diameter column at
room temperature.

® mineral oil {capacitor grade): evacuated to 0.2 Torr and heated
with stirring to 105°C for 8 hours cooled to room temperature
under vacuum.

e PCB: filtered through 5 micron TFE filter

e silicone fluid: percolated 600 millgiite rs through attapulgas clay
previously baked overnight at 3007 C on 24 inches x I inch diam-
eter column at rocom temperature.

The electrical properties for the four fluids processed as stated ﬂ

are given in Table 15. i

2_.4.3 Paper-Fluid Combinations

As previously indicated, four papers and four fluids have been
selected for evaluation. In previous sections the electrical properties of
these eight materials have been presented. In this section the electrical
properties of these materials when in combination will be summarized.

Each of the four papers was impregnated with each of the four

fluids, yielding a total of 1€ paper-fluid combinations. The test samples
used in these evaluations, like the original paper studies, consisted of a

cylindrical capacitor wound on a Teflon core and utilizing Al foil electrodes.
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The capacitor samples were contained in glass tubes such as shown in
Figure 4. To prepare the test samples, the paper cagacitors were first
baked at 105°C for 24 hours. Next, the fluids which had been processed
were iniroduced into the tubes and the combination heated tc 100°C.  While
Lot, the samples were tkan evacuated at 0.3 Torr or less for 3 hours.
The chamber was then back filled with nitrogen, the sample tubes removed
and sealed with TFE tape.

) /

=y

Figure 4. Test sample used in paper-fluid electrical
properties determinations.

After cooling to room temperature the electrical properiies were
measured. First, the dielectric constants and dissipation factors were deter-
mined at 160, 1.0kE=z, 10kHz, 10. 0kHz and 100 kHz. Next, the dc resistance
was measured using a 90 volt pciential. After the determinations were
completed the sample was heated to 150°C and maintained at this temper-

ature for one hour. After this time the ac and dc measur=ments pericrmed




at room temperature were repeated. At the completion of these tests the
samples were returned to room temperature and inspected for evidence of
degradation.

The results of the paper-oil evaluations are presented in Tables
16 through 23, Of significance for these evaluations are dielectric
constants resulting for the various combinations and the effects of frequency
and temperature on the electrical losses. It should be noted that the
dielectric constants for any of the combinations show negligible frequency
dependence over the frequency range studied. The maximum frequency
dependence was demonstrated by the PCB impregnated combinations. Of
the combinations studied, the kraft paper - DOP and the kraft paper - PCB
produced the highest dielectric constants while polyester-mineral oil and
polyester-silicone yieslded the lowest. At 150°C certain of the combinations
exhibit some variation in dielectric constants while others remained unchan-
ged. An attempt to correlate these increases with emither paper or oil type
shows a general dependency on one or the other for predicting changes.

For example, kraft paper shows a reduction with PCB, an incr=ase with
mineral oil, and is essentially unchanged with the silicone. All
mineral @il combinations showed a slight lowering of the dielectric con-
stant, while the kraft paper silicone combination showed a negligible increase
in dielectric constant, and the lens tissue and Nomex-silicone combin-
ations yielded a decrease. Also of significance, is the increased capaci-
tance, i. 2., dielectric constant, at elevated temperature noted for certain
papers and the high loss fluid PCB. At the lov. frequencies, a large
incrcase in capacitance exinsts for these combinations. With the exception
of these large variations for the FCB combinations, none of the variations
exceedec 10 percent over the temperature range studied.

The lowest average electrical loss at room temperature exists with
the lens tissue and polyester paper in combination with the mineral and
silicone oils. These four combinations are essentially equivalent. At room
temperature each of the combinations shows an increase in logs for
increasing frequencies. The a1 proximate equivalent circuit for these
combinations would be a series R-C element, although none of the com-

binations specifically conform to this equivalent. At room temperature the
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TABLE 16, ELECTRICAL MEASUREMENTS OF DOP
IMPREGNATED PAPERS AT 23°C

Capacitance | Capacitance Dissipation
Before After Factor
Freguency Impreg. Impreg, Impregnated
Paper (Hz) (pf) (pf) Paper
Kraft 100.0 5848 14870 0.010
1. 0K 5813 14700 0.010
10, 0K 5774 14460 0.014
100, 0K 5734 14250 0.027
Lense 100.0
Tissue 1, 0K 1956
10. 0K
100, 0K 1944
Nomex 100.0 - -
1. 0K 1031 3148 0.029
10, 0K 3112 0.010
100, OK 1020 3077 0.009
Polyester 100.0 - -
1. 0K 6490 0.017
10. 0K 6447 0,008
100. 0K 6392 0.020

39




i

i

TABLE 17.

ELECTRICAL MEASUREMENTS OF DOP IMPREGNATED
PAPERS MEASURED AT 150°C

Paper

Frequency
(Hz)

Capacitance
Before
Impreg.
(pf)

Capacitance
After
Impreg.
(pf)

Dissipaticn
Factor
Impregnated
Paper

g

Kraft

Lense

Tissue

Nomex

Polyester

100.0
1. 0K
10. 0K
100. 0X
100.0
1. 0K
10, 0K
100. OK
100.0
1. 0K
10. OK
100. 0K
100.0
1.0K
10. 0K

100. 0K

10440

8690

0.041

0.98
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TABLE 18,

ELECTRICAL MEASUREMENTS OF MINERAL OIL

IMPREGNATED PAPERS MEASURED AT 23°C

Capacitance | Capacitance | Dissipation
Before After Factor
Frequency Impreg. Impreg. Impregnated
Paper Ei) (pf) ; (of) Paper
Kraft 100.0 5648 9180 0.9056
1. 0K £618 9104 0. 0059
10. 0K 5580 9024 0.0077
100, CK 5543 8958 0.0178
Lense 100.0 1892 3698 0.0017
Tissue 1.0K 1887 3688 0.0021
10. 0K 1881 3676 0.0031
100. 0K 1873 3660 0.6092
Nomex 100.0 1097 1930 0.0030
1.0K 1093 1920 0.0043
10.0K 1088 1909 0.0079
100. OK 1082 1894 0.0041
Polyester 100.0 2223 3729 0.0011
1.0K 2219 3721 0.0025
10, 0K 2211 3702 0.0049
100. 0K 2194 3669 0.0074
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TABLE 19. ELECTRICAL MEASUREMENTS OF MINERAL OIL
IMPREGNATED PAPERS MEASURED AT 15G°C

Capacitance at Dissipation Factor
Frequency 1500C Impregnated

Paper (Hz) {pf) Paper
Kraft 100.0 9663 0.0108
1. 0K 9608 0. 0041
10, 0K 9563 0. 0027
100, OK 9601 0, 0058
Lense 100, 0 3670 0.0180
Tissue 1. 0K 3635 0.0052
10, 0K 3623 0. 0021
100, OK 3619 0. 0029
Nomex 100.0 1955 0.0160
1. 0K 1944 0.0052
10, 0K 1933 0.0039
100, 0K 1923 0. 0054
Polyester 100.0 3867 0,0331
1. 0K 3824 0. 0079
10, OK 3796 0. 0053
3771 0.0069




TABLE 20, ELECTRICAL MEASUREMENTS OF PCB IMPREG-
= NATZD PAPERS MEASURED AT 230C
= Capacitance | Capacitance Dissipation
3 Before After Factor
= Frequency Impreg. Impreg, Impregnated
Paper (Hz) (pf) (pf) Paper
:—_, Kraft 100.0 13940 0.02
_f 1.0K 14050 0.011
E 10. 0K 13840 0.013
= 100. 0K 13640 0.021
i Lense 100.0 7800 0.080
-4 Tissue 1.0K 7676 0.011
4 10. 0K 7627 0.006
: 100. 0K 7589 0.013
E Nomex 100.0 - -
: 1.0K 3482 0.17
= 10. 0K 3318 0.02
1 100. OK 3282 0.01
Polyester 100.9 6294 0.04
1. 0K 6234 0.008
10. 0K 6180 0.007
100. OK 6129 0.018
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TABLE 21. ELECTRICAL MEASUREMENTS OF PCB IMPREG-

NATED PAPERS MEASURED AT 1500C

-

Capacitance at Dissipation Factor

Frequency 150°C Impregnated

Paper (Hz) (pf) Paper :
Kraft 100, 0 - - 3
1. 0K 12160 0. 047 %

10. 0K 11830 0.011 3

100. 0K 11860 0. 008 £

Lense 100.0 ~ - g
Tissue 1. 0K 10270 0.6 3

3

10. 0K 6360 0.10 H

100, 0K 6220 0. 02

Nomex 100. 0 - - L

1. 0K 7807 0.8 §

)

10. 0K 3191 0.2 H

100, 0K 2981 0.03 }
Polyester 100.0 - - } .
0.8 i
i

0.2 £

0.02 §
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TABLE 22. ELECTRICAL MEASUREMENT OF SILICONE OIL
IMPREGNATED PAPERS MEASURED AT 23°C

Capacitance Capacitance Dissipation
Before After Factor
Frequency Impreg. Impreg. Impregnated
Paper (Hz) (pf) (pf) Paper
= == = =

Kraft 100.0 9721 0.0051
1. 0K 9638 0.0067
10. 0K 9540 0.0088
100. 0K 9459 0.0186
Lense 100, 0 4062 0.0024
Tissue 1.0K 4050 0.0024
10. 0K 4037 0.0031
100. 0K 4020 0.0068
Nomex 100.0 2119 0.0040
1.0K 2108 0.0047
10. 0K 2093 0.0058
1006. 0K 2077 0.0124

Polyester 100.0 4196 0.016
1.0K 4186 0.0028
10. 0K 4162 0.0055
100. 0K 4124 0.0091




= TABLE 23, ELECTRICAL MEASUREMENTS OF SILICONE OIL
: IMPREGNATED PAPERS MEASURED AT 150°C
= 3 Capacitance at Dissipation Factor
= § Frequency 150°C Impregnated
2 Paper (Hz) {pf) Paper
=

= Kraft 100. 0 9843 0.0130

p 1. 0K 9766 0. 0043

e 10. 0K 9726 0.0028

100, OK 9760 0. 0060

Lense 100.0 3869 0. 0650

Tissue 1. 0K 3738 0.0134

10. 0K 3711 0. 0040

100, 0K 3704 0. 0037

Nomex 100.0 2049 0. 0380

1. 0K 2036 0. 0081

10, 0K 2024 0. 0045

100. OK 2010 0. 0050

Polyester 100.0 4302 0. 0800

1. 0K 4182 0.0157

10. 0K 4141 0. 0070

100. 0K 4111 0. 0080
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highest losses were observed with PCE combinations, with only slightly
lower losses noted with DOP. At room teniperature the losses are primar-
ily determined by the fluid with the papers acting in some secondary manner to
produce the minor differences noted for the different papers.

At elevated temperatures the losses experience a change in charac-
ter. In general the low frequency losses are greater than the corresponding
room temperature value, whil= the high frequency values are lower than
their high temperature low trequency counterparts and lower temperature
values at the same frequency. At 150°C the combinations now more
closelvr approximate a parallel R-C element For the combinations evalu-
ated the lowest average loss at elevated temperaturs exists with the mineral
oil and silicone combinations. At 150°C all of the papers are nearly equiva-
lent with these oils. As was noted at room temperature, the fluid is the
loss determinant at elevated temperatures.

For maximum energy storage density the preferred paper-oil com-
bination wouid be kraft paper and DOP. The limitation for this combination
is the electrical loss at elevated temperature which could exceed 10 percent
at low frequency operation. As an alternative to have minimum losses over
the frequency and temperature ranges of interest, kraft paper and either
mineral oil or the silicone should be selected. These combinations provide

slightly higher energy storage than would result with the other papers.

Paper-0Oil Compatibility

The compatibility of the paper-oil combinations was determined by
elevated temperature exposure. The purpose in these tests was to deter-
mine changes in the electrical properties for those combinations which
could result from either elevated temperatures or from prolonged exposure
at lower temperatures. In these evaluations the potential interactions were
determined by monitoring changes in the dielectric constants, dissipation
factors and dc resistances occurring after an extended exposure at 150°cC.
It should be noted that changes observed in these tests are indicative only
of interactions occurring at these exposure conditions and are not necessar-
ily indicative of an incompatibility at lower temperature. Lower temper-
ature compatibilities could only be established by temperature tests and in
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a conservative approach to material selection, deleterious changes noted in

these elevated temperature experiments will be concluded to represent also
longer term lower temperature reactions which could restrict the use of

the combination in question.

Experimental Procedure and Results - In these evaluations the

paper-oil combinations previously characterized were exposed at 150°C for
240 hours. These samples, contained in Pyrex test tubes having ground
glass joints sealed with Teflon tape, were maintained in a circulating air
oven for the exposure. After the exposure period, the szmples were
returned to room temperature and the dielectric constants, dissipation
factors and dc resistance were again determined. In addition to the
electrical determination, general observations were made for changes in
color and physical characteristics such as appa-ent viscosity, size, etc.,
which couild also indicate chemical interaction.

The results of the compatibility tests are summarized in Table
24. In the table the dielectric constants and dissipation factors before
and after exposure are given along with thedc resistances. None of the com-
binations experienc.d a significant change indielectric constant. The absence
of change in this propertyis not surprising when the loss properties are com-
pared, For an appreciable change indielectric constantto ha‘;e occurred, a sub-
stantial chemica' or physical change would be required. Such changes are
not in evidence based on a comparison of dissipation factors or physical
appearance. The dissipation factors show only minor changes for any of
the combinations. These changes could be accounted for by further moisture
elimination or experimental error. Only the mineral o1l showed a change
in appearance with the exposed sample having a slightly darker color from a
light straw color to a golden yellow. Such color changes are suggestive of
flzid oxidation. However, the level of oxidation resulting did not signifi-
cantly alter the electrical losses for any of the paper combinations. It
shculd be noted that all of the samples initially as well as terminaily con-

tc ined whitish flocculent suspended material which was soluble at 150°C




- TABLE 24. EFFECTS OF 168 HOUR, 150°C EXPOSURE ON THE
— ELECTRICAL PROPERTIES OF PAPER-OIL COMBINATIONS
= Electrical Properties
1 Before Exposure After Exposure
E Paper-0il Capa- Dissipation Capa- Dissipation
E Combination citance Factor citance Factor
- DOP - Kraft 14760 14650
- Lens 0.01l0 0.008
tissue
- Nomex 3148 0.029 3120 0.021
- Polyester 6490 0.017 6470 0.014
E Mineral
E Oil - Kraft 9180 0.0059 9160 0.0068
- Lens 3688 0.0021 3640 0. 0041
1 tissue
= | - Nomex 1920 0.0043 1910 0.0050
= - Polyester 3721 0.0025 3692 0.0032
PCB - Kraft 14050 0.011 13900 0.014
- Lens 7676 0.011 7640 0.014
tissue
- Nomex 3482 0.17 3470 0.095
- Polyester 6234 0.008 6190 0.010
Silicone
Oil - Kraft 9638 0.0067 3630 0.0078
- Lens 4050 0.0024 4005 0.0042
tissue
- Nomex 2108 0.0047 2100 0.C040
- Polyester 4186 0.0028 4150 0.0037
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with all of the fluids. The source of this material was assum=d to be the
heat shrinkage sleeving used to bind the windings. This matevial was first
noted after the 150°C high temperature measurements. Subsequent loss
measurements at room temperature showed no change and the material -
probably of parafinic nature - was assumed to be benign.

Based on the changes observed, all of the combinations are con-
sidered to be suitable for use at 150°C. From these results it is also
concluded that extended exposures at lower temperatures should not result
in degrading changes. As part of anv longer term or elevated temperature
use, all cf the combinations must, however, be maintained in nonoxidizing,

moisture-free conditions.

2.5 CONCLUSION

Based on these evaluations, the follcwing materials are recommended

for constructing high energy density capacitors.

2.5, 1 Films

Three films are potentially suitable. These are

polyvinylidene {luoride
e polyimide

polysulfone

The possible limitations for the vinylidene fluoride are the electrical
loss and an upper temperature limit of approximately 150°C. Both the imide
and the sulfone have considerably lower losses and higher operating temp-
eratures. The eneray storage densities for these three materials are

comparable and all are chemically compatible with the selected fluids.

2. 5.2 Paper-0Qil Combinations

Two paper-oil combinations are recommended. These are

kraft paper - mineral oil
kraft paper - DOP




iy e

The highest energy storage density is achieved with the kraft-DOP.
However, the losses associated with this combination could limit its use.
For minimum loss while maiitaining a high energy deaaity the kraft-mineratl
oil would be preferred. .

It should be noted that if very high tempzratures are found to exist
i1 these devices the silicone aromatic amide paper should be considered.

The limitation here is the paper thickness which is currently availatle only
a 3. 9 mils or thicker.

2.5.3 Foil

Only one foil was seiected - aluminum. Aluminum has the higl st

conductance per unit mass and is chemically compatible with the other
censtruction materials.
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3.0 PAD DESIGN

The design of the individual pads or sections which make up a large
capacitor rormally separates into two distinct tasks: the design of the
dielectric sandwich, and the choice of section shape. In the first task, the
designer must choose the number, type, and thickness of the dielectric
layers and determine effective dielectric constant and required area. In the
second task, the designer chooses the width of the foil, and from that
determines winding <2ngth and section conformation.

To achieve the energy de..sity required in this program, the single
most important goal is the development of a large enough electric field
across the dielectric sandwich. The increase in energy density which might
be achieved by the :.djustment of film and foil widths is a second order effect
compsred to having enough field, Therefore, in this task a single choice of
film and foil width was made, and the mzjority of the effort was directed at
design of the dielectric sandwich.

3.1 ENERGY DENSITY

From time to time confusion arises as to the exact meaning of a
particular "energy density"' quoted as a component specification. . This
discussion is presented to aid in understanding what is meant.

As used in the passive component field, energy density is taken to
mean stored energy per unit weight, normally expressed in joules per pound,

There is no particular problem in computing the stored energy:

2

Stored Energy = 5 CV (1)

T} e
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where C is the capacitance and V the applied voltage. The problem arises
because different weights are used to arrive at energy density.

The best possible energy density is obtained when the only weight
considered is that of the dielectric actually storing energy. This is the
value usually presented in reports (as in AFAPL-TR-74-79, ""218 joules per

pound of active storage volume''). The formula for this value is:

ED = 4.425 x 10”4

K E2/d (cgs units) (2)
where K is the effective dielectric constant of the insulation stack, E is the
applied electric field (V/cm), d is the effective density of the stack (g/ cm3),
and ED is the energy density (J/g).

A more realistic number for development purposes is the energy
density in the acti: portion of the section. By this, it is meant that the
weight of the foils is added to the wcight of the active dielectric. The

expression is then:

ED = 4.425x 10”14

K E°/(dy + td/t,) (3)
where dd and t, are density and thickness of the dielectric stack, df and te
are density and thickness of the foil, and other terms and units are as above,

The only number of concern to systems designers is the mission
energy density, which includes case, termination, margins, and connections.
This value is obtained by dividing the stored energy by the finished capacitor
weight, and is normally much smaller than the value found by equation 2.

As an example, a capacitor was designed and weights determined.
This capacitor is not a type used in the tests described below. Nevertheless,

the results displayed in Table 25 are interesting.
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TABLE 25, TYPICAL ENERGY DENSITY
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E l. In active dielectric: 80J/1b
In active section: 67J/1b
3. System density: 50J/1b

This shows that the final mission weight is targer than that of a section, as
Since the system energy density is dependent on light-

i i i i !
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one would expect.
weight case design, the energy densities defined in equations 2 and 3 were

employed in the initial phase of this program.

3.2 LAYER DESIGN CONCFPTS

Capacitors are normally designed with several thin layers of insula-
tion between foils rather than one thicker layer. This improves the capacitor
relizbility by precluding shorting because of a pin-hole or conducting particle
Also, since the dielectric strength of a thin layer is
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in a single layer.
larger than that of a thicker layer, capacitors made from many thin layers

may be operated at higher stresses than those of equivalent thicknesa made

il

Y

from a few thicker layers. :
The earliest capacitors were made from paper sheet, and kraft
The least expensive com-

m

capacitor paper is today an important dielectric.
ponents have all kraft paper layers, but the field and energy density at
which they may be operated are limited by the low dielectric strength of the

hm\‘ lM' i v!'.“ n“‘

4 paper. Modern pulse capacitors use polymeric film dielectric with the

kraft, to take advantage of the higher dielectric strength of the polymeric

z By film. The kraft paper, interleaved between the plastic and foil, has been

el

retained despiteits low dielectric strength because its irregular surface

traps impregnation fluid and thus prevents fluid squeeze-out, bubble forma-

tion, and subsequent corona damage. Numerous schemes have been

proposed for the elimiration of kraft paper in pulse service components, but

none has been successful in praciice.
The thickness of the individual layers and the number of layers are

i normally governed by the available thicknesses of the dielectric materials,

e
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the capacitor operating voltage, and the designer's preference. Very little

has been written about any other selection criteria.

3.3 FIELD BALANCE

The experience on this program has been that the most successful
capacitors have the best field balance in the dielectric. This means that
each element in the dielectric stack is operated at the same percentage of its
dielectric strength. Capacitors are not normally designed this way.

Experiments on conventionally-wound components show that the
average fluid layer thickness is 15% of the interfoil separation. This means
that any design based on field balance must treat three iayer types (paper,
plastic, fluid) rather than just the two solid layers. Since many of the con-
ventionally-wound section failure mechanisms involve the fluid, this is

especially true.
The electric fields in each layer are calculated from the equation:

k, kK V
E = b ¢

a tanbkc t t;b“z-.t“c + tc:"(a“b

At the moment the electric field calculations are done after-the-fact, and
the designs are adjusted iteratively to achieve the best possible fieid balance.
A computer program to accomplish the same task {as well as the thermal
analysis) is conceptually simple, although substantial programming effect
would be required.

As part of the field balance design problem, it was thought to write a
minimization routine to design a dielectric sandwich based on the following
data:

® layer dielectric constants

o layer densities

® required energy density
The routine was to adjust layer thicknesses sc as to minimize the electric
field in each layer. The results were instructive but somewhat unexpected.
It turned out that in any two layer system, the ideal layer thickness (given

different layer dielectric constants) of one layer to minimize the fields is
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zero. That is, a capacitor made of just one material always has lowear fields
in the dielectric than any two-material structure. The lesson is obvious:

each layer type must give enough advantage to offset the increased layer

fields.

3.4 MATERIALS

In the Dielectric Systems Selection section many materials were
discussed. Designs were made during this task for capacitor systems
composed of the following plastics:

. Polysulfone (P. J. Schweitzer)

® Kapton (DuPont)

e Mylar (DuPont)

® Polyvinylidene Fluoride (Kureha Chemical KF Film)
and the following papers:

® Regular kraft (Weyerhauser)

® Regular kraft (P. J. Schweitzer)

e Extra-strength kraft ("EIB Paper', P. J. Schweitzer)

Because of the very high price, large minimum purchase, and poor
quality of thin films (as reported in TR-75-69), Kapton was not actually tested
experimentally. The Weyerhauser paper had been in stock for some time,
and was found to have worse electrical properties than the Schweitzer paper.
This may have been due to storage conditions. Therefore, the Weyerhauser
paper was used only with the Mylar to test tab insertion processes. Capa-
citors of every other combination (plastic-paper) were designed, built, and

tested.

3.5 LAYER DESIGNS

The designs presented below in Table 26 are layer designs only.
Details of other construction are to be found in the section on "Wrinkle Free
Pads'.

Design 1 was built out of non-optimized materiale solely to test

winding tab insertion, and extended foil termination techniques. It
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was wound round and flattened after winding, or wound on small solid

mandrels,

All other designe were wound flat,

It is important to realize that each of these designs was conceived

after the previous design had been built, tested, failed, and analyzed. There

was no intention to produce any statistical data, as the data in Table 27

demonstrates.
TABLE 26. LAYER DESIGNS
Design Film Paper

1 2 - 100 ga Mylar 3 - 0.3 mil kraft

A 2 -24gaPS 3 - 0.4 mil EIB kraft
B 2 -24gaPS 3 - 0.4 mil EIB kraft
C 2 - 48 ga PS 3 - 0.4 mil EIB kraft
D 2 -32gaPS 3 - 0.3 mil kraft

E 2 - 50 ga PVF2 3 - 0.4 mil EIB kraft
F 2 - 50 ga PVF2 3 - 0.4 mil EIB kraft
G 2 - 100 ga PVF2 3 - 0.3 mil kraft

H 2 - 100 ga PVF2 3 - 0.3 mil kraft

I 2 - 32 ga PS 3 - 0.3 mil kraft

J None 5 - 0.3 mil kraft

K None 5 -« 0.4 mil EIB kraft
L 2 - 48 ga PS None

M 2 - metallized 24 ga PVF2 1 - 0.3 mil kraft

TABLE 27. PULSE TEST SUMMARY
39 Capacitors for Test

4 Basic Dielectric Combinations
16 Different Designs
30 Tected to Failure
37 Failure Analyzed

2 In Test
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4,0 WRINKLE-FREE PADS

The work conducted under this task, to develop uniform wrinkle-free
capacitor sections (or pads), is tl.e heort of this entire program, because
the individual pads are the building-blocks from which larger capacitors
are constructed. The effort was approximately equally divided between

development of fabrication prc.esses and development of test methods.

4.1 WINDING WRINKLE-FREE PADS

Conceptually, the winding of wrinkle-free capawcitors is not very
difficult, be ause it would seem to consist la- gely of using greatly increased
care and meticulousness. These factors are usually lacking in a production

environment.

Wrinkles basically have two causes. The first is uneven tension

control during the winding, which may be the result of dielectric web wander,

uneven unreeling, or changes in winding speed. A.cctually, it is very nearly

3 impossible to fabricate a completely wrinkle-free pad on a conventional

winder. Second, after a pad is removed from the spindle it is flattened in a
%

press, which causes wrinkles and other effects. To eliminate wrinkles the

winding process must be redesigned and the flattening step eliminated.

This section outlines the basic methods for achieving wrinkle-free
fabrication of two pad shapes.

It is possible either to use a very small core

and wind a cylindrical capaciftor that does not need to be flattened to obtain

G| 04 AT 0

the maximum packing factor, or to wind flat pads direztly, eliminating atl
= wrinkles.

= “he classic method of winding capacitors is basically very simple.

A round solit mandrel driven by a variable- peed motor is used to wind up

[ R

[ 1‘“‘ d




A O 5

W ol

multiple layers of insulation and conducting foil. The insulation and focil are
supplied from rolls mounted on friction-braked shafts. The purpose of the
friction brake is to supply tension and reduce the bulk of the finished
capacitor.

Figure 5 is a photograph of a typical split winding mandrel on a
commercial windir. machine. The foil and insulation are pinched in the
split mandrel to facilitate startup. The mandrel is withdrawn from opposite

ends of the capacitor pad when the winding is complete.

Figure 5. Split Mandrel

Figure 6 is a photograph of a typical friction brake (properly called a
prony brake) on a commercial winding machine. The original tension con-
trols consist of "V" groove pulleys which rotate with the supply roll of
material. A round fabric belt is wrappad around the pulley and its tension is

controlled by a swing arm over which the winding material passes.
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Figure 6. Typical Friction Brake

There are several basic problems with the drag friction approach to
holding film and foil tension. There is a 3.6 to 1 ratio between starting
friction and running friction. In addition there is almost a 2 to 1 variation
of friction depending on the pulley speed. A plot for the machine illustrated
in Figure 6 is given in Figure 7. If it becomes necessary to stop the winding
operation to insert a tab, or make adjustments, the tension falls to zero.

The winding of large capacitor pads results in a roll that has large
variations in tension throughout its cross section which promotes wrinkles.

The solution to the tension problem was found in the magnetic tape
recording industry technology, where constant tape tensions are maintained
over wide ranges of speed and of forward and reverse direction of transport
through use of torque motors on the tape reeis. For this purpose the con-
ventional friction-brake supply spindles were replaced with supply spindles
controlled by DC torque motors which cause the cutput-shaft torques to be

proportional to the motor current and independent of speed and direc.ion

over a rather wide range.
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The motor current is controlled with a solid state controller, and
can be monitored on an ammeter. Thus the operator can exercise complete
control of each spindle torque and may adjust the torque during the winding
process.

Although the torque motor produces constant torque for a given input
current, the diameter of the supply roll of foil or film changes. The net
result is a change in foil or film tension. In order to compensate, the
actual film tension is compared to a calibrated torsion spring and the error
fed back to the torque motor. The system is a closed loop servo with a

torsion spring as a reference. See Figure 8 for a simplified diagram.

FILM ROLL
x5

TGRSION
& SPRING

SERVO
POT

: — TENSION

Figure 8. Single web servo control.

The original machine design did not provide for separating the foils
and film after they were unreeled and before they were combined in the
capacitor roll. Static charges were built upon the surface of the plastic
films which aitracted adjacent foils and films resulting in complete loss of
tension control. The fastest moving film would drag all the adjacent films
along and result in tucks or folds in the material that is feeding too fast,
ergo wrinkles in the capacitor.

A series of fingers or posts had to be placed at strategic points to

keep the films and foils from contacting until they are combined into the
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capacitor. The location of the fingers can be seen in the photograph of
Figure 9(a) and the drawing of Figure 9(b). Two combs are placed just
before the windup mandrel to provide final control for the films and foils.

Figure 9. Revised winder web paths.
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) The foilowing drawings are provided to show the details of the
individual piece parts that were fabricated ‘o complete the conversion of the
capacitor winder. Fach drawing is to be found in Appendix B.

] Drawing H-7607 is a cutaway assembly of the spindle and torque
motor drive.

Drawing H-7608 is a cutaway assembly of the tension arm control.

Figure 10 is a photograph of the back of the capacitor winder show-
ing the torque motors,. servo pots and electronics cabinet, Figure l1lis a

photograph of the operator end of the machine showing the control panel for
each individual spindle.

Figure 10, Rear of modified winder.
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H7597 Plate (drill jig)
H7598 Electrical drawing

3393068 Mounting bracket torquer brake capacitor winder

3393069 Controller capacitor winder

3393072 Cabinet assembly capacitor winder

The problem,of damaging the films and papers and causing wrinkles
during the flattening procedure normally employed was solved by using a
flat winding mandrel and winding the capacitor sections directly in a flat-
tened configuration. The result is a section which is flat, but not stretched
or wrinkled. This technique is only possible with a constant tension
machine, because the velocity of the film and foil varies from zero to max-
imum and back to zero twice each revolution. Drawings H7603, 7604, and
7605 contain the details of the fl * mandrel used for this work. The flat
mandvel can be seen in the cente. right side of Figure 11, and at the left

under the operator's left hand in Figure 9(a).

4.2 DRYING CAPACITOR PADS

Capacitor sections are normally dried at as higl. a temperature as
is possible, so that the processing time is short. Some mannfacturers
pre-dry in air, but most dry in rough vacuur~. Unfortunately, the quick
drying cycle in itself causes the dielectric sandwich to wrinkle. The drying
process was therefore examined to insure as dry a sectiva as possible,
but without wrinkies.

The principal problem is the kraft paper in the sandwich. Kraft
normzlly conteins 7% water, which is the equilibrium value for 50% relative
humidity. Sadly, completely dry kraft is brittle, so the damp matearial
must be wound into a pad and then dried. Upon drying, the kraft shrinks a
few tenths of a percent in length and width, and several percent in thickness.
Wrinkles are caused by uneven drying.

When a paper-plastic capacitor section is heated in vacuum, the
moisture must escape out the ends of the pad at the tabs or other termin-
ation, because the plastic film barrier prevents any other moisture flow.

If high tempe. vtures are used to accelerate drying, a large moisture
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gradient develops between the pad center and the ends. This gradient causes

the paper to shrink unevenly, resulting in the wrinkles shown in Figure
12(a). For reference, a winding made on an unmodified winder and dried
at high temperature is shown in Figure 12(b).

The gradient is reduced by drying for a longer time at a lower
temperature. The result of such an experiment is shown in Figure 12(c).
This pad was dried at 50°C compared with 125°C for Figure 12(a). Pads were
also dried at room temperature in vacuum, and in nitrogen in dessicators.
Both these method: nroduce wrinkls-free pads, but longer times are
required.

That the pads were completely d:y was confirmed by monitoring the
dissipation factor during drving. An additional quality control step cen-
sisted of analysis of the impregnation fluid for water. Samples taken
during filling werc compared with samples taken after test, and no change

was found.

4.3 CAPACITOR IMPREGNATION

Having gotten the capacitor se:tions dry witl out wrinkling them, one
must fill them with dry, degassed, high resistivity fluid. The impregnation
must be clean, total, and must not wrinkle the sections. Necessarily the
drying and impregnation are carried out as a single step, so the procass
design must take this into account.

The equipment which was ultimately heavily modified to achieve
these results was a standard type fluid impregnator manufactured by 1
Red Point. It consisted of a capacitor chamber, a side loader for the fluid,
and a very high capacity pump. Unmodified, it delivers fluid to the
capacitor which is dirtier and of lower resistivicty than tnat with which it is
loaded.

ic was aecided on the basis of initial experiments that the only
practical way :o use this equipment for high-resistivity impregnation was to

continuously filter and purify the oil uncer vacrum in “he machine. When

the capacitors were ready for impregnation, the fluid would be diverted




Figure 12(a).

Figure 12(c).

Wound-flat stack.

Special drying.
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from its cycle loop and poured into the capacitors. In this way, the purest
possible fluid would be obtained for the capacitors.

The modified fiiter loop is schematically depicted in Figure 13. The
entire circui!, as well as the chamber (not shown) in which the capacitors
are dried, is maintained under vacuum by the large process pump attached
to the machine. The added lines and recirculating pump have no expoused
metal parts, so as to minimize the chance of introducing metal particles into

the fluid.

T

SIDE LOADER

PARTICULATE CLAY
FILTER FILTER

T > 100°C

~7

DIAPHRAGM
PUMP

CONTINUOUS CIRCULATION

CAPACITOR FILL PORT FLUID SAMPLE PORT

ENTIRE CIRCUIT UNDER VACUUM
TYPICAL FLUID RESISTIVITY =3x 1016 D.om

Figure 13. Fluid process cycle.

The impregnation procedure is straightforward. The side-loader is

i

filled with fluid, and the capacitors to be filled are placed in the main

chamber. Vacuum is obtained in both areas, and the fluid is heated, filtered,

Wit a g

and degassed. The fluid is sampled at the end of this cycle to be sure it is
sufficiently pure, and the capacitors are monitored for dissipation factor to
make sure they are dry. When all conditions are right, the capacitors are
filled with the clean fluid. A detailed procedure for this entire operation is

found in Appendix C.
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4.4 PAD TEST CONFIGURATION

The physical configuration in which the individual pads were tested

was designed to duplicate conditions in a full-sized capacitor. Because

general purpose reusable cans were used, it was necessary to make a

capacitor pad support fixture which did not rely on can wall contact, as a

conventional capacitor would.

A complete assembly of a L1 pF pad is shown in Ficure 14. At the

upper left is a compleie unit ready for test. The component parts of the

can are in plastic bags, as delivered {rom the cleaning laboratory. A

typical pad is shown in the center, and a pad completely mounted is shown

at lower right. A detail of the mounted pad is shown in Figure 15. The

epoxy-glass boards and compression screws simulate the packing into a

stiff flat-sided can. The copper strap provides a low-inductance structure

to allow pad testing using an exact PFN waveform. The tw> holes in the

strap attach to two bolts in the lid of the reusable can.

Figure 14.

Test pad assembly and can.
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Figure 15. Test pad detail.

4.5 FAD TEST CIRCUITS

To perform valid tests on these specialized PFN components, it was
necessary to use a current discharge waveshape representative of actual
PFN service. Thus, the work specified as Task 7 - PFN Cperating Environ-
ment was performed in support of this design. The equipment actually used
to test pads, and that which will be used to test full-sized capacitors, meets

the requirements of Task 7 as well as those of Task 3.

4.5.1 Analysis

A computer program for transient analysis was used to generate a
plot of actu..l discharge current in a capacitor used ir a 6-section PFN. Such
a plot is shown in Figure 16 for a 20 pus output pulse. Analyses were
conducted for both the 20 us output pulse and the specified 20 ps current
discharge pulse (see Appendix A).

After the actual waveshapes had been obtained, they were decomposed
into their Fourier components. Table 28 shows the values for a 1.1 pF
pad operated at 300 pps with a 20 us discharge pulse. Using these values,
a simple test waveform containing the correct components was constructed.

This waveform is stown in Figure 17, for a typical test specimen.
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TABLE 28, CAPACITOR CURRENT SPECTRUM
Discharge
Charge f1 fz f3 f4 f5 All
— —
Frequency 0.15 12,5 | 25.0 | 37.5 | 50.0 | 62.5 -
KHz
Current 2.9 26,4 | 28,2 16.3 8.6 5.3 46,5
Amps RMS

4.5.2 Pulse Test Apparatus

To obtain the waveform shown in the previous section, a resonaatly
charged modulator-type circuit with a series-resonant load was employed,

A simplified circuit is shown in Figure 18. The capacitor under test is
resonantly charged by the DC zupgly through the charging choke while the
HY-5 hydrogen thyratron is open, The thyratron is then triggered, and

the test capacitor discharges through the load and inductor, the RLC product
controlling the waveshape. Various clipper and blocking diodes control
reversal and ringing, and prevent damage to the HY-5 tube,

In order to achieve the correct waveform, it was necessary to design
an extremely low inductance load. The use of this component allows the
waveshape to be tailored to a variety of widths by the adjustment of the
external series inductor, An exploded view of the load is shown in
Figure 19. There are 16 rod resistors inserted into the hollow tubes.

The current travels down the resistor and back through the tube, thus pro-
viding a low inductance path., Cooling is provided by air forced down the
center of the resistor, back over the outside, and thence to exhaust, This
load handles 70 kW continuous, 220 kW burst, and has an inductance of

less than 20 nH, The resistance is varied to fit the test situation by changing
elements,

An overall view of the high voltage parts of the pulse test apparatus

is shown in Figure 20. The load is on the right, the inductor and test
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Figure 17. Discharge carreat waveform.

capacitors in the center, and the switch on the left. Because the tests were
run in the burst mode, four vacuum contactors were used to switch 4 capa-
citors sequentially. This speeded up the pulse testing., Figure 21 shows
a better view of the load and contactors.

The controls, interlocks, and monitors were housed in another
highvoltage cage 2rea, and are shown in Figure 22. The DC supply is on

the right, the control units in the center, and the waveshape monitor on the

-

eft. The upper part of the control box panel (with the 4 meters) housed the
tiY-5 controls and interlocks, as well as the capacitor voltage monitor. The
lower part housed the driver, clock circuitry, and rate controls. The

following capacitor parameters were monitored:
Internal temperature
Charging current (0, 1%)

Capacitor voltage (0. 1%)

Number of pulses
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Figure 18. Pulse tester simplified circuit.

- igire 19. High power load components,
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Figure 20. High voltage section of pulse test.

The capacitor volitazse was obteined by a sample and hold circuit
I P ) P

iust before each discharge,
CORONA TEST ACTIVITY

Eecause of Hughes extensive favorable experience with corona tests
as 1 {ife-predictive technique, it was decided to test the 1.1 uF pads to see
wh.t could be learnea. To do this, it was necessary to heavily modify a
standard Biddle corona test set.

Two modifications were performed. It was necessary to develop a

a
resonator to allow the Biddle power supply to generate a high AC voltage

across the large specimen. It was also found neccessary to do much work
to increase instrument sensitivity and lower power supply noise. This was
important cecaus: the sensitivity varies as the inverse of the sample

capacitance.
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The test circuit for the resonator is shown in Figure 23. This unit
is tunable over the range 0.9 to 1.2 pF, The large tapped inductor and the
isolation capacitor operate at high voltage, and are therefore housed in an
oil tank, They are shown before immersion in Figure 24. This circuit
produces a 60 Hz sine wavé,which never crosse zero, as in Figure 25,
to simulate actual PFN voltage operation. It may also be operated in an
unbiased mode, tc simulate standard AC cperation.

An overview of the equipment is shown in Figure 26. The rack
at the left contains the corona pulse counter, the low-voltage parts of the
resonator and its controls, and power conditioning apparatus. The center
section is the modified Biddle unit. The resonator tank is out of sight to
the right, the connection entering thru the large port at the top right.

This modified unit can test capacitors in the range 0.9 to 1.2 uF up
to 15 kV (peak) in the non-zero-crossing mode. Its sensitivity at 2:1 signal
to noise is 40 pC for that capacitance range. The unmodified unit had a
1000 pC sensitivity for the same samples.

The data taken using this apparatus have been consistent and puzzling.
A new capacitor shows an acceptably high corona reading, but after pulsing
the corona inception voltage falls to below 1 kV and remains there indefinitely.

This is attributed either to bubble formation or to impregnant degradation,

ISOLATION
CAPACITOR TESY

.;u‘\f CAPACITOR
TUNING INDUCTORS Vd
UNING ) CORONA
]' DETECTOR

P ‘s
V) rower
SOURCE

Figure 23. Corona test circuit.




Biased corona test waveform.
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Figure 26. Corona test system,

and has been previously reported in the literature. Nevertheless, the project

team is not comfortable about either the data or the explanation.

4.7 PULSE TEST RESULTS

4.7.1 Summary

This section contains data and analyses obtained during the pad pulse
life tests conducted in 1976.

All tests were run with the equipment described in Section 4, 5.2,
using a 20 ps wide current discharge pulse for the capacitor, per the
requirement of Appendix A. The pulse reversal and harmonic content

simulated a PFN where this pulse width might be obtained.
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The following surhmarizés the test effort:

4t b

Number of capacitors: 20

Number tested (pulse): 37
Number of designs: 16
Total shots run: 10, 034, 000

4, 7.2 Introduction

As discussed previously, an interactive design-test-design program
was employed, so that each design was the result of the previous work and
problems, A very large amount of data was taken during the test effort, and
unfortunately it will only be possible to present summaries of portions of it

here. Much of the data was taken to help in the design process. Examples

are:

Internal operating temperature
Leakage vs T
Cand DF vs T and {

Corona measurements

Some of this data was extremely helpful, other portions less so.

Twe unique efforts bear mention, The first was a glass-encased
capacitor (serial No. 17) for use in checking mechanical motion. This test,
shown in Figure 27, was conducted by pulsing the capacitor while ol ~erving
the end with a long-focus microscope. It was found that the improved winding
process produced a section with no motion larger than 1 mil, a data point
corroborated by the lack of noise during operation. The second unique
experiment was the analysis of the gas produced by one of the PVF2 compo-
nents (serial No. 26). The gas was collected and analyzed with a mass
spectrometer. It was found to be primarily Hp, with almost no combustion
products. It was apparently produced by the high-field gassing of mineral oil
because of the large field imbalance in the PVF2 component. This effect has

been previously reported.
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Figure 27. Glass-encased capacitor for
observing section motion.

4.7.3 Test Data

The following are summaries of the pulse test data collected during
this program, In each section, the designs are first described, and then the

life-test data presented. Energy density is discussed in the firal section and
related to the individual tests.

4.7.3.7% Initial Tests

These tests were run using Mylar/kraft designs to test the winding
process and termination techniques. A number of changes and adjustments
were made as a result, the most important being the use of a larger than
normal flag on the tab to eliminate the oil pocke* above the flag in conven-
tional construction. This pocket breaks down ai high stress and the damage

appears to have been caused by a faulty flag.
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All designs were interleaved layers 4.5 inches wide with 3,675 inch
sheets 0.3 mil kraft was used., The kraft was not very high quality, but
these tests were not for energy density. Thé data ié shown in Table 29.

"

TABLE 29. INITIAL TESTS

-3 . Voltage Life .
f; Serial Rate (kV% (:103 shots) Failure Duty
= 1 300 4 100 None- c
- disassembled
- 2 300 4 216 None- C
= disassembled
= 3 300 7 20 top tab 1/15
4 300 5 209 top tab 1/15
5 300 5 525 top tab 1/15
6 300 7 20 top tab 1/15
7 300 5 1,964 none 1/15
8 300 5 3, 000 none 1/15
9 Steptoll 300 edge 1/15
C Z continuous duty
1/15 = 1 minute on, 15 off
The dramatic improvement in 7, 8, and 9 was obtained by using larger
flags on the tabs and by arranging tab placement so that none overlapped.
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4,7.3.2 High Density Tests

These tests were conducted using the materials selected in Task 1.
All capacitor sections used 4.5 inch wide insulations and 3,675 inch wide .
foils, except designs D1, D2, and M, The impregnant was mineral oil
(Golden Bear GB-100M). The layer designs are shown in Table 30.

Sections from serial 15 onward featured internal thermocouple
temperature sensors mounted at the section center. This data was used
to adjust duty cycles to avoid overheating. The thermocouple leads can be
seen just to the lower right of the high voltage insulator of test section 28,
shown in Figure 28. In most cases a shorter rest period than that specified
in Appendix A is possible.

The test data is presented in Table 31, for all high energy density
sections, The notation "step'" means a higher voltage at each burst or
group of bursts. The voltage given next to ''step' is the last voltage at

which a burst group was successfully completed.

Serial 17, the glass unit, has not been extensively tested because the
container is slightly leaky, Designs J and K were assembled to examine
all-kraft units of dimension similar to the PS/kraft units, Serial 25 gassed
excessively, and had the gas bled off and analyzed, It is still operational.
Designs D, and D, were devised to eliminate corona damage at the winding
start and finish. Design L was to see how good the mineral oil impregnation
process was in an all-film capacitor, while design M examined a method of
eliminating foil edge corona damage by using metallized fiims next to the

foil. L was successful. M was not, but the technique shows promise.

et oo s o s, o .



= TABLE 30. HIGH DENSITY LAYER DESIGNS
E Design Film Paper
= g A 2-24 ga PS 3-0.3 mil kraft

= B 2-24 ga PS 3-0.4 mil E1B kraft
= C 2-48 ga PS 3-0.4 mil EiB kraft
= D 2-32 ga PS 3-0.4 mil E1E kraft
3 E 2-50 ga PVF2 3-0.3 mil kraft,

= F 2-50 ga PVF2 3-0.4 mil E1B kraft
= G 2-100 ga PVF2 3-0.4 mil E1B kraft
3 H 2-100 ga PVF2 3-0.3 mil kraft
— ; I 2-32ga PS 3-0.3 mil kraft
= 3 None 5-0.3 mil kraft

-3 K None 5-0.4 mil E1B kraft
= L 2-48 ga PS None

= M Z-metallized 1-0.3 mil kraft

3 24 ga PVF2

Notes:

D1 - design D with folded ends
D2 - design D with sandwiched ends.,

1) Kraft, EI1E kraft, and Polysulfone from Peter J. Schweitzer
Div, Kimberly-Clark.

2) PVF2Z from Kreha Corporation of America.
3) All foil 0.25 mil Republic Electro-Dry.

E:
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Figure 28. Top of reusable can showing
1 thermocouple lead wires for external
3 temperature measurement.




= TABLE 31. HIGH ENERGY DENSITY TESTS
- ) Serial | Design V{kV} | Rate | Burst | Life ix 103} TC Corona Comments
%‘ 3 ic A 5 300 1/10 305 No No
11 A 5 _ {300 1/10 09 No No.
= 712 A 5.5 300 | 1760 95 - No . No )
= 13 C 8 200 |°1/30 60 Yes No TC trouble
= 14 c 8 260 | 1/60 39 Yes ‘No Oil leak
Is D Step 7 |300 | 1730 737 “ Yes | | Yes
16 D 4 300 1/30 310 Yes Yes Did not fail
17 £ v v v No Yes: | Gliss unit:
18 |, B Step s | 300 | 1730 159 Yes | 7 Yes -
19 B 6 300 1730 53 Yes Yes Did nat fail
20 B 13 300 1730 100 Yes Yes Did nét fail
= | 21 E |6 s0. | 1/40 Yes Yes »
3 22 E 5.5 50 160 50 Yes Yes
23 F 6 50 | - 14 Yes Yes
23 F Step5 © 50 | 1760 122 Yes Yes Did not fail
25 G Step 9 I 50 1760 81 Yes Yes Did not fails
26 G Step2 1 S0 | 1760 100 Yes Yes Nid not fails®
27 i Step 7 i_ 50 1760 55 Yes Yes
28 H 7 50 1/60 240 Yes Yes ¥id not fail
29 1 7 300 | 1760 25 Yes Yes
30 i ) 300 1730 100 Yes Yes
31 3 [ 300 - H) Yes Yes
32 3 & 150 1760 12 Yes Yes
33 K & 100 1760 &0 Yes Yes
3% ¥ Not tested
35 D1 6 350 | 1730 170 Yes Yes
36 D2 Step 7 § 300 | 1730 180 Yes Yes
37 L ot tested
38 1 Step 5 | 370 1/30 236 Yes Yes
39 M ~ Destroyed in
corona test
Notes: °éubsequently destroyed when run at 300 pps by mistake
==Gassy
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4.7.3.3 Energy Density

As these units were tested in.large cans designed to be durable.and

reusable, it was not considered a good measure of énergy density to use

finished component weight ‘in the caiculations. Therefore, for each design

e T i
WO

beth the "Actire Energy Density' as defined in equation {2) on page 51 and

i i

the "Pad Energy Density" as defined in equaticon {3) on the same page are

reported. The "Active Energy Density" takes into account only the weight of
the dielectric actually storing energy, while the "Pad Energy Density” takes
into account the foil weight. The "Pad Energy Density" is lower, more
realistic, and sensitive to changes in the layer designs.

The values reported for ‘Arochlor or DOP impregnant were obtained
by measurements of capacitance change on pads of the appropriate design.
No pulse testing was conducted using these pads. These values are reported,
nevertheless, to give an idea of the difference between the results obtained
using different impregnants.

For each design, the voltage listed in Table 31 is used. For step

stress tests, the highest voltage is used.

4.7.4 Failure Mechanisms

The most-commonly-reported capacitor failure mechanism, corosna
failure at winding wrinkles, was completely eliminated by the new winding
methods. The majority of the capacitor failures from serial 10 onward were
at the foil edge, halfway along the winding length {from start to finish), ia the
center of one of the flat sides. During the development process three mecha-

nisms other than failure at wrinkles were encountered, and these are discussed

in this section.

The first failures of the Mylar/kraft capacitors appeared to be caused

by foil irregularities or material defects in the vicinity of a tab connection.
Components | and 2 were therefore tested until a 1% rise in charging current
was noticed, at which time they were disassembled and examined. The mecha-
nism found by this technique is illustrated in Figure 29. The figure shows a
section through a tab termination made in the conventional way. The oil in the
pocket formed by the short flag was breaking down opposite the other foil edge.
This problem was cured in units from serial 7 onward by using a flag the same

width as the foil te eliminate the oil pocket.




TABLE 32. ENERGY DENSITY

i Energy Density J flbi . Eanergy D;{xsitg J/kg
= i Active ~ Pad ~ Active Pad
g Design M A M | A M A ' M A
A 160 187 116 135 353 | 412 | 255 | 297
g B 131 | 151 | 100 | 112 290 | 344 | 220 | 262
= C 133 150 107 121 293 | 331 236 | 266
= D 146 170 113 132 321 375 | 249 | 291
1 E 135 | 163 | 110 | 133 297 | 359 | 243 | 294
F 95 117 80 98 209 | 257 176 | 216
G l 110 | 129 98 | 115 242 | 284 | 215 | 253
H 86 99 75 87 189 | 217 166 191
I 203 | 232 151 173 446 1 511 332 | 380
J 204 | 272 147 196 449 | 598 | 323 | 432
K 115 153 89 118 253 | 336 196 | 261
L 211 211 137 137 464 | 464 302 | 302
M = Mineral Oil Inpregnant
A = Arochlor (PCB) or Dioctvl Phthalate (DOP) Impregnant

FOILS

FLAG

Figure 29. Tab breakdown mechanism,
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In the first PS/krait units, a cloudiness of the PS film at the foil

edges was observed upon disassembly. This cloudiness was most pronounced

ARy

in areas corresponding to the center of the flat szées of the sectmn. Fig-
ure 30 shaws this efiect i 51 6T d

L L

holes. 'Ii;e overhea‘hng was ?'dgeé to. be caused b}r con uctmn Oor corona

iy i Ll pole

il
i

INORR

in the excéssive -amount- of oil aresent at -the centers of: efﬁat széesmear

the foil-edge. An zmproved ciampmg fixture was devised to more 9erfectlv

I

duplicate conditions in a real capacztor and this effect dzsappeared
Capacitors- {ffom Serial 10 onward failed principally from uniform-

corona aléng the edges ofithe foil. This effect is shown in Figure 31.

e

+

The burns occur only in the paper, not in the film. Eventual faii’;ufé SECurs

at thie weakest point: A complete analysis has been completed on this

I

problem. More work was done on this program in this area.
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Figure 30{a). Polysulfone edge damage.




T
H
k3
{
i
i

FOIL EDGE

MARGIN

. 0.01 INCH

{b)

Figure 30(b), Polysulfone edge damage.
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Figure 31. Corona damage edge of foil.
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5.0 CAPACITOR DESIGNS

This section presents the design details for the two different 15 kV
components which were built and tested. These components were designed
for high repetition rate operation, and differ in the impregnant, the elec~
trical stress, and the energy density,

The heavier of the two components, P/N 014, was designed directly
from the results of the pad tests, and was placed in a conservative, well-
constructed metal box such as is normally used on military-type components
of that size. The lighter component, P/N 026, utilized a different impreg-
rant and field balance, and was encased in a very lightweight stainless steel

case, which was designed as part of the case weight minimization study.

5.1 PART NUMBER 014

The initial capacitor was designed using directly the results of the
layer designs and pad testing described above, with a substantial case and

ample safety factor.

5.1,1 Layer Design and Number of Pads

The layer design was chosen on the basis that as large an energy
density as possible must be achieved, but that some safety factor must be
used because the use of 2 multiple pad design was anticipated. Referring to
Table 30, it can be seen that the designs suitable for high repetition rate use
are A, B, C, D, I, and L. Referring to Table 31, it can be seen that the
highest successful operating voltage for any of these designs was 8 kV for
design C, and those tests were not particularly successful. Therefore, a

3~series-pad arrangement was chosen,

\*"J "
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The 3-series-pad arrangement means that each pad operates at 5 kV,
The energy densities at 5 kV for the candidate designs are shown in Table 33,
These data are extracted from Table 32. Designs A and L were not chosen
because not enough safety margin existed and, particularly for design A,
they are more difficult than average to wind. Of the remainder, design B
was selected over design I because of better life test data. The layer con-
figuration chesen was, then, 3 layers of 0.4 mil EIB kraft interleaved with
2 layers of 24 gauge (6 pm) polysulfone, impregnated with mineral oil.

To achieve the required capacitance in a 3 series section arrange-
ment, it is necessary to use 3 series pads with value 6.6 pF each. A
quick calculation showed that these would be physically very large pads, and
so two parallel strings of 3 3.3 pF pads were used, as shown in Figure 32.
(It had been proved in previous experience that it was unwise to attempt a
pac that was thicker than half the width. This configuration presumably
allows more non-uniform oil pockets and therefore a greater risk of failure,
For this particular combination of winding mandrel and insulation thickness,
the 3.3 pF is the largest safe value.)

The field balance for this design was calculated, using techniques
previously displayed in Section 3.3. A series of experiments designed to
determine the thickness of the individual fluid layers between layers of solid
dielectric had arrived at the value 0.3 mil (7.6 pm) for the total average thick-

ness of the six fluid layers present between foils in a five layer design. This

value was used in the field balance calculations, the results of which are

TABLE 33, HIGH RATE LAYER DESIGN ENERGY
DENSITIES AT 5 kV

Highest Test Erergy Density at
Design Voltage (kV) 5 kV
A 5.5 211 J/kg
B 6 152 J/kg
C 8 92 J/kg
D 7 127 J/kg
1 7 169 J/kg
L 5 302 J/kg
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3.3 F PADS

Figure 32. Internal schematic, P/N 014,

shown in Table 34. The values indicate that neither the paper nor the plastic
are unreasonably stressed. The field in the fluid is high, but because of the
extraordinary thinness of the fluid layer (0. 05 mil or 1.2 pm) produced by the
carefully controlled winding the fluid will stand the stress.

5. 1.2 Packaging Design

For simplicity, these components were wound with the same material
widths used in the pad tests. The can to be used was designed around the

finished capacitor pads, and is shown in Figure 33. The case insulation and

interior packaging was conservatively designed, and is shown in Figure 34,

TABLE 34, CALCULATED FIELDS FOR P/N 014

Material Thickness (mil) Field (V/mil)

Oil 0.3 4113
Polysulfone 0.48 2918

Kraft paper 1.2 1904

R

ik

A R




(2 30 1 393US) *$10 N/d <0y @sen *g¢ AanBig
) | || ez e

momors sty
TRWIIVIGE FEUATTD IO BEIIND - BRLOM
LB o v R TeilaR
BWOLITVEYD AR " , [ P Gl B S et g LA AR LI LA T
- ASsy 3svs [ . A w ) N i D

ol
rreyor )
S [aew | e AT ST A
THY v DNIAYIE BAL3Y Nwdy Wi 1w
] o BT 5T N enorsab 38 D7 EES. SANE SHIO2,2Y50
N B0 SN 021004 i e | BN8vEIGRGS e Hadr S PR A A O]

i T ong PIS OGSO

DNTINAS L URHEYM Si1% 099

DNOT 0%" x R2-067° "SSYNA WIS MNOD

Vo5 - 0D
YrIral tvo 02) $uI LAING DGO’

| |€|€62F.°'|

ol Bl 1" F Ny | SLBABHS 40
1| e ] SNivis AzZa

L = B

IO IRV
bW RO LR L

podi T\

D Ip

@\

<39 20 /
Buow> @ S21
vow 2 288
x..m._.”. T @D 2

. - . AYNQrhml, (NSIT S0 Darl ANY
() Cwa VT -a0 B2-052 FE CDAYME QVEN FABEDS (-

_ _.o 3393131 _..m_




‘%10 N/J 103 @8®D ‘¢g @andig
N

(z 30 2 1929y3)

e ——

1 }

99

T , . ,
I “?w i | __:____.____ i "

oD R LBARG MM S BLO M
leleeece |[L4281Q
X P
HOLIDVAVYI A'H 66
- ASVYD
- ASSY 38V z,mm.:i!n% T oy
" 5 W15 LV Whd ONY Ay WE™
iii!ux A0 MUY mﬂatQJF %&nuﬁnﬂgfsﬂ; ». —_— w —
R e L T T I T T B L -
o LR e ON_ ERRLIEOERN | f.m ﬁ
L TNt LEO NICOKS 1
° TeH .00 v Tav
712 sor drioo twve mvst via gz
CUAE )
% 6] b oaras tvonz) sud ._._-z% 210 Y ' &)
T §e - 6200 o ' 0z e
] = ENIL CYD 02) Gud LIIHG ©EO" !
w
1
- e
>l
UG memduen
=y 2 AT S————_% LY R e —————
s
Vo - AIBVE QUBOW el b
@ WDEAN G T DNILWESG BLdY
oS 43 "ani Sana MW 0%
w0 SThL — QI-ANND2-ONT ./
.\m,";. ﬁ _@ ,
® |
— Py T w m—— T A
SI2G "
- - 1
£ 3 5} . )
1O, &
™,
#*
ov - eve—3 AL
" SWOIVIE P TwAld
. Mon ~oavavs @ 552 e e - cos e
WMHF‘%I%HH
m | [Tossozia fad T | !
' ! il _
. - 2 4




10L

0.005 KRAFT
>

20L
0.005 KRAFT

1/4 IN. EPOXY

0.005 KRAFT

13L—-0.005 K

GLASS ||

10L-0.005K

) .— 10L—0.005 K

Figure 34.

Packaging Design, P/N 014
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5,.1.3 Design Weight Summary

.

The design weights of the various parts of this capacitor are shown in

Table 35, The actual capacitors came to this weight within a few percent.

The average packaged energy density was 48 J/kg (21.7 J/ib).

i

I
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5.2 PART NUMBER 026

This component was designed to be as light as possible, consistent

PR

with meeting the electrical specifications. A super light case, designed as
part of the case weight minimization study, was used. The impregnant was

changed to improve the field balance, and the stresses were increased.

5.2.1 Layer Design and Number of lads

T,

= It was thought the dielectric element most likely to break down in
3 service if highly stressed was the oil, In the pad testing it had been found

that the maximum average oil field was about 5200 V/mil for useful life.

Therefore, ways of increasing the pad energy density while keeping the oil

field below this value were investigated. The result was the use of the same

layer design as the 014 part, but with dioctylphthalate instead of mineral oil

to improve the field balance.

Two strings of two 2. 2 uF pads in series were used, with the section

voltage then being 7500V. The field balance for this design is given in

Table 36, where it is compared to the values found for the 014 component

(operated at 5 kV /section). The field values for the paper and polysulfone

are about at the largest reported operating fields for those materials,

TABLE 35. WEIGHT OF CAPACITOR PARTS, P/N 014

Item Weight (kg/1b)

2.63/5.79

2-3 pad bundles

Case and terminal 9.5/2.1
Epoxy board 0.29/0,64
Case insulation 0.25/0.56
Oil 1.09/2,4

Total 5.22/11.5
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TABLE 36, FIELD BALANCE FOR P/N 014 AND 026

Field (V/mil)

Material : 014 (5 kV /section) 026 (7500V /section)
oil 4113 2961
Polysulfone 2918 5266
Kraft paper 1904 3430

while the field in the oil is substantially reduced. This is electrically a much
better design than P/N 014,

5.2.2 Packaging Design

These pads were wound with margins reduced to the minimum. This

was accomplished by increasing the foil width to 4.0 inches, leaving 0.25 inch

margins.

uare 35.

5.2.3 Dasign Weight Summazry

The can was made from 5 mil stainless steel, and is shown in Fig-

There is very little interior insulation.

kb il Rl

The design weights of the various parts of this very lightweight capac-
itcr are shown in Table 37. The average energy density was 169 J/kg
(77 J/1b), and the true energy density was 0. 21 J/emS.

TABLE 37, WEIGHT OF CAPACITOR PARTS, P/N 025

Item . Weight (g) ]
2-2 pad bundles (wet) 1126
Case 120
Bushing 50
Case insulation 70
Extra oil 100
Total 1466g/3. 2 1b.

102
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6.0 CAPACITOR FABRICATION AND TEST

While the statement of work called for the fabrication of twenty
capacitors to a single specification, it was felt that i;fiofé%iﬁéormation would
be gained if a quantity of each-of twor designs to the same électrical specifi-
cation were fabricated and tested. Therefore, fifteen of iﬁe 014 part and
twelve of the 026 part, for a total of 27 cofﬁp:bnents, weré fabricated. It
was desired to be able to use either component in the PFN described in
Section 10. 0, so six capacitors of each type were held out of testing in this
Nine 014 units and six 026 units were tested. In addition, two special

task.
components were made using 014 pieces: one to test high voltage airborne

connectors, and one to check out the pulse test bay.

6.1 CAPACITOR FABRICATION

The two types of capacitor were fabricated using all the procedures,
In addition,

processes, and equipment developzad earlier in the program.
special drying schedules and impregnant purification techniques had to be

worked out for the dioctylphthalate used in the 026 component,

6.1.1 Winding and Termination

The capacitors were wound on the constant tension machine using a

1.5 inch wide flat mandrel, as shown °n Figure 36. Winding information is
The very last component built of the 014 was wound using

given in Table 38.
5 tabs per foil, to test both the regularity of the insulation structure with

10 total tabs and the differences in tab heating when carrying large currents,

The packaging design for the 014 component was previously shown in
37. Each

Figure 34. The packaging used for the 026 is shown in Figure
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Figure 36.

Constant tension winder.,
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TABLE 38. WINDING DATA, 014 AND 026

item 014 ] 026 )
Insulation lensgth 1108 622
=
Foil length 1068 542

Margins

Tabs per foil

Tab separation

Insulation width

Foil width

Finished dimension L
w
D

Capacitance (pF)

-G, 437
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All dimensions in inches.
T014 S/N 15 had 5 tabs per foil.
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- : Figure 37. Packaging of 026 unit.

= section had two tabs per foil, all tabs emerging from the same end of the
section. The capacitors were assembled into cases, described in the pre-

= vious section, and made ready for impregnation.

6.1.2 Drying and Impregnation

Two problems were encountered which caused deviations from the p
previously establish- 1 procedures. It was found that it was very difficult to
fully dry an assembled 014, because of the large volume and small case fill
hole. Also, additional purification steps had to be taken with the
dioctylphthkalate.

108 i




6.1.2.1 Drying

The large 014 units contain a substantial volume of very tightly wound

kraft paper, which is approximately 7 percent water Yy weight. The fill

orifice in the can is only 1/8 pipe. When the components were vacuum-dried

and the dissipation factor monitored, it was found that insufficient drying was

taking place, presumably because of the low pumping speed of the pads and

orifice. Simultaneously, it was found that the time it took for water to

reabsorb into a once-dried wound stack was of the order of 10s of hours.

Therefore, the components were dried with the bottom lids removed from
the-can, They were then quickly removed, had the lids attached, and replaced

in the vacuum chamber, at which time they were further dried. Monitoring

1 It
AR A s

of the dissipation factor during the drying cycle assured dry components.

6.1, 2.2 Fluid Purification - DOP

\\
.|[ .I] il

The dioctylphthalate (DOP), as received, had a volume resistivity

of about 5 x 1010 Q-cm. It was found that circulation in the system shown

M" i \ixi‘ i 1“

in Figure 13, but bypassing the clay filters (as is normally used for mineral

L

oil) was insufficient to raise the resistivity, The clay filters were therefore

used.

Two facts about DOP emerged during a series of tests. First, it was

i Qi

found that the water content did not contribute materially to the low resistivity

A

T —————

(although there is an adverse long-term effect when the fluid contains water).

o

W

Second, it was found much harder to purify DOP, a high dielectric constant

Al

liquid, thau mineral oil, a low dielectric constant liquid, This is attributed

to the relative ease with which a high dielectric constant liquid dissociates

molecules into ionic charge carriers. The final resistivity achieved for DOP

was 2 x 1012 g -cm, compared to 1 x 1016 @ -cm for .aineral oil.

6.1.2.3 Impregnation’

Excepting the changes discussed in the subsections above, the com-

ponenis were dried, impregnated, and sealed according to previously devel-

oped procedures,
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6.1.3 Acceptance Data

The two finished component types are shown in Figure 38, The final

static measurements are shown in Table 39 for the 014, and Table 40 for the
026, It is worthwhile to note the very small differences in capacitance,
dissipation factor, and leakage in these components, particularly since every
component built is reported. A statistical analysis is shown in Table 41,

A capacitance standard deviation of only 8 percent amongst all 014

i
M AR A R R
e

parts manufactured is remarkable, and is primarily due to the good control
of the winding, and to the binding before encasement (if the 5-tab experiment
is eliminated this value is only 6 percent). Note that the 5-tab per foil capac-
itor has a much lower dissipation factor than the other units. The 026 parts

had even better uniformity,

6.2 CAPACITOR TEST

Before testing could begin, a number of modifications were necessary
to change from the 1.1 pF 7.5 kV max pad testing to 2. 2 pF 15 kV max
capacitor testing. After these modifications were made to the pulse test

unit, the capacitor testing was carried out.

+

Figure 38, Pulsec
026 (rightj), 2.2 pF 15 kV,

110




TABLE 39, FINAL MEASUREMENTS, PART NUMBER 014

: DC Leakage | =
- Date ’ 10 KVDC (pA) | Weight
Ser No. | Impreg'd | Cap (pF) | D.F. (3 mins) (lbs)

10/27/77 2,42 0.43% 1.35 -

10/27/77 2.35 0.45% | 1.35 11.6
10/27/77 2.36 0. 43% 1.35 -
5/30/78 2.36 0.49% 1,60 11.6
5/30/78 .38 0.50% 2.25 11.6
5/30/78 .36 0.51% 1.5 11.6
5/30/78 .34 0.50% 1.3 11.6
6/9/78 .90" 0. 65% 2.0 11.5
6/9/78 .39 0.48% 1.6 11,5
6/9/18 2.34 0.47% 1.5 11.5
6/9/18 2.36 0.47% 1.55 11.5
6/16/178 2,31 0.47% 1.5 11.5
6/16/78 2.34 0.47% 1. 65 11.5
6/16/78 2.32 0.47% 1.55 11.5
6/16/78 2.96 0. 36% 5.9 il.4

I I o ~ TS S o DN © : D ~ M WV R o S ]
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TABLE 40. ACCEPTANCE DATA, PART NUMBER 026

Capacitance | Dissipation Leakage Current (pA)
Serial (pF) Factor, % 10 kV - 3 Minutes Weight (kg)

1 2.302 0.40 3.9 1.704
2.315 i 0.40 4,1 1.696
2. 327 : 0.40 4.5 1. 697
2.328 0.39 4,2 1.700
2.317 0.39 4.4 ‘ 1. 697
2.305 0.39 4.0 1.705
2.322 0.39 4.5 1.702
2.316 0.40 5.2 1.704
2.315 0.40 4,3 1.706
2,322 0.39 4,4 1.703

2.332 0.39 4.5 1. 689
2.319 0.39 4.7 1.700

O 0 =1 Oy W R WY

bt ot et
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TABLE 41, ANALYSIS OF ACCEPTANCE TEST DATA

Capacitance DF Leakage
Mean Value 2.43/2.318 0.473/0. 394 1,575%/4, 392
Standard Deviation 0.20/0.008 | 0.061/0. 005 0.26% /0,34

Values displayed for P/N: 014/026.
*Excluding S/N 15.

6.2.1 Test Stand Modifications

Four basic changes were necessary to test the larger valued compo-
nents. A more powerful power supply was needed, capable of § kV at 10A or
more. The load resistors had to be changed, so that the test waveform,
obtained from an LRC resonant circuit, remained the same. A highe=»-
capacity switch tube was required. Finally, all the overload cut-outs,
clipping circuits, and current metering circuits had to be adjusted for the
higher current., Because the original design of the test bay ancitipated the
need to make these changes, the modifications proceeded easily,

The new larger power supply was designed and built in-house, and was
not charged against the contract, It provides 0 to 8.5 kV at up to 11A to the
resonant charging circuit, It was designed to operate from 3 phase 400 Hz
power, to avoid harmonic resonances of 60 Hz at higher repetition rates. The
load change merely involved the replacement of the rod resistors in the air-
cooled load with a new value. A block diagram of the system is shown in Fig-
ure 39, For these tests, the HY-5 tube was replaced with an HY-5001,

During the course of the modifications it was desired to test the
packaging of the 014 part, before the changeover of the test bay to the new
capacitance value. Therefore, a twin 1. 1 pF capacitor, identical to the

014 except for the extra terminal, was made. This is skown in Figure 40.

6.2.2 Test Results

The plan of test as prescribed by the statement of work was more of
a proof-of-design (POD) test than a developmental test. Inasmuch as it was
felt that this work had not progressed to the point of blithely attempting a POD

test, as exemplified by the two different component types, a developmental

112
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Figure 40. Twin 1.1 pF capacitor
for pulser check-out.

type test was used. The 014 components were quite rugged, the 026 less so

but better than one migh* expect given the fearful electric fields.

Sl i e,

6.2.2.1 Test Summary, P/N 014

Tke summary of pulse testing for this part type is given in Table 42.
Number 2 was the painted demonstration unit, and number 15 was the experi-
mental 5-tab unit.

Temperature rise data was taken on one capacitor during a test of
four, by attaching a thermocouple to the center of the capacitor end. The
outside case temperature rise was 3 to 5 degrees C at the end of the burst,

and 25 degrees after 2 30 minute wait. This was the peak case temperature
rise observed.




TABLE 42, PULSE TEST SUMMARY, PART NUMBER 014

Serial Numbezx

Total Shots (1000s)

Notes -

=233
Not tested

220

223

11

113

O 0N 0l W NV

o
WY e O

15

Voltage (kV)

15.0-

15.0
15.0
6.5
12.5
15.1
4.0
7.5
7.5
7.5
7.5
7.5
7.5
7.5

OK

OK

OK
Failed
Shorted
OK
Failed

-OK*

OK*

Failed

" -
Capacitors screened for use in PFN.

Duty was 330 pps for 1 minute, 2 hours between bursts, or equivalent.

6.2.2.2 Test Summary, P/N 026

The summary of pulse testing for this part type is given in Table 43.
An extra unit was held out for the PFN testing, giving 7 capacitors for that

use. It was found that running 3 bursts at half voltage was an excellent

screen. If the component survived these, it would also perform at full

voltage.

Temperature measurements here revealed a 26 to 30 degree rise,

as might be expected from the higher energy density.

6. 2.3 Failures and Failure Analysis

Of the twenty-six components tested, there were six failures, four

014 and two 026.

The 014 failures normally occurred at the end of a2 burst, and in two

cases reculted in severely distended cans.

No fluid leakage occurred,
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TABLE 43, PULSE TEST SUMMARY, PART NUMBER 026

Serial Number Total Shots (1000s) Voltage kV Notes
1 32 15.0 Failed
2 146 13.5 Failed
3 187 14.0 OK
4 49 7.5 OK¥
5 156 14.0 OK
6 176 14.0 OK
7 51 7.5 OK¥*
8 51 7.5 OK*
9 67 7.5 OK*
10 51 7.5 OK*
11 50 7.5 OK*
12 51 7.5 OK*®
*Capacitor screened for pulse forming network.

Serials 5 and 8 were found to have been bulk failures, while serial 6

Serials 5 and & could have been screened with the half-

however,

was an edge failure,
voltage test, Serial 15, the experimental 5-tab unit, failed at a tab because of
poor insertion. The individual pads in unit 6, which had handled the highest
power, showed slight discoloration of the insulation at the places where the
tab passed through the margin.

The 026 failures both occurred at the foil edge, and neither resulted
in appreciable distension of the can. The characteristic puncture is shown
Pronounced discoloration and stiffening of the dielectric mate-

in Figure 41.
rial around the tab was found in S/N 2, the longest-lived component, as. shown

ol 01

in Figure 42. A curious effect, apparently related to either the high field or

the use of the impregnant, was also found.
A cross-section of the construction of a tab termination is shown in

Figure 43. It was found that many small holes appeared in the capacitor foil 3

wherever it contacted the flag. This was true for both tabs on both foils, but
the effect was most pronounced under the ground tab. An overview scanning
electron micrograph (SEM) is shown in Figure 44(a). A close-up of one of

the hole structures is shown in Figure 44(b). One thought to occur was that
116




Figure 42. Discoloration of dielectric near tab,
026 unit S/N 2,

oy B




il

DIELECTRIC

TAB {NICKEL)

L

gt AT

Figure 43. Cross section of tab-termination.




(b) SEM, 86X

. Holes in aluminum fo
026 unit S/N 2,
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corona degradation had caused some changes in the DOP impregnant. Acid valie
tests were run, It was found that the acid valuehad approximately doubled, from
3.9 x 10~2 mg/g (KOH) to 8.2 x 102 mg/g (KOH), but the value was still very

small. Perhaps some sort of electroplating process was involved.

6.2.4 Connector Tests

A connector test fixture was made up to examine severzl different
airborne DC-rated high-voltage connectors for their usefulness in pulse
situations. This unit, assembled irom 014 pieces, is shown in Figure 45.
This unit utilized 5 Amp connzctors in addition to the ceramic bushing, It
was found that all connectors performed well so long as their rated RMS
current was not exceeded during the burst. These connectors were found

to have AC CIV greater than their DC rating.

Figure 45, Connector pulse test capacitor,
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7.0 HEAT SINK/COOLING TRADE-OFF INVESTIGATION

N

A

h L

Presentecd in this section is the summary report of the thermal
analyses on single sections. The specialized computer program employed has
bezen retained for any future use.

7.1 SUMMARY

4 M“

The thermal analysis of the Capacitors for Aircraft High Power
initially involved a parametric study of sixteen potential capacitors. The
dielectrics {polysulfone and kapton) each were considered with two cross
sections, two cores, and two types of electrical contacts. The capacitors
were assumed to be installed in pairs in an oil-filled case with a beryllium
oxide plate across the top and bottcin of the two capacitors, One additionat
configuration {without the top and boitom plate) was evaluated. The original
sixteen capacitors were evaluated for one minute operating time and two

il

N il

i

i

L

hours cooldown,
Resuits indicated the variations in temperature rises for the eight
cosfigurations of each dielectric type capacitor was sufficiently small to
zcominend selection of any one of the eight for production. Since these
first sixteen runs maintained a fixed capacitor case tampersture, it was
decided tc reevaluate with the capacitor case free to s=ek its own temperature
rise with the surrounding ambient at a fixed temperature. The reevaluation

e A

involved only four configurations of polysulfone capacitors and one kapton,
Resul:s of thase runs alsc indicated any cornfiguration of each dielectric was .
as good as the rest, Results als; showed that the kapton capacitors would
be considerably hotter than the polysulione capacitors. The kot apot rises
after one minute with power on would be about 135 and £8°F, respectively.

e
Lot et e




Results are included in this report for twclve hours of operation of
polysulfone, circular, hollow core (oil-filled), with end tabs for electrical
contact type capacitors, This was evaluated for one minute on and both

one- and two-hour cooldown, The two-hour cooldown produced about a
30°F cooler capacitor,

ot e o i o

The polysulfone capacitor that was analyzed without the top and bottom
beryllium oxide plates was hotter than its counterpart. The difference was

only about 7 to 8°F and it will have to be considered feasible with that in
mind,

7.2 INTRODUCTION

This thermal analysis involved a parametric study of potential Capa-

citors for Aircraft High Power, The parameters investigated included the
following:

Dielectrics Polysulfone vs kapton
Cross Sections Circular v3 rectangular
Cores - Hollow vs beryllium oxide
Contacts - Extended foil vs end tabs.

The above combinations produced 16 distinct capacitors, each of
which was represented by a nodal model, Table 44 presents the number of
nodes and connectors for all 16 nodal models as well as the Run Number
related to the computer solution, Figures 46 and 47 show schematics of all
polysulfone and kapton dielectrics, respectively. These figures depict how
the nodes were generated as well as the basic capacitor dimensions.

Table 45 is a list of the physical constants used for each material
involved in the thermal analysis.

Subsequent to performing the first 16 runs, some of the models were
modified., The modifications included adding an ambient air node (in lieu
of holding the case at a constant temperature) and adding a separate node
for the oil inside the cors of the hollow core capacitors, This was done

only for five models, which were then designated 1B, 2B, 3A, 4A, and 9B,
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TABLE 44. CAPACITOR CONFIGURATION, NODES,
AND CONMNECTORS
Cross
Dielectric Sectio. Core Contacts
P K C R H S T Nodes | Comments
1 x x x 220 467
2 x x 220 467
3 x x x x 221 469
4 x x 221 469
5 x x x 130 282
6 x x 130 282
7 x x 131 284
8 x x 131 284
9 x x x 202 430
10 x x x 202 430
11 x x x 203 432
12 *® x 203 432
13 x x b 112 245
14 x X X 112 245
15 x x 113 247
16 x b 113 247
Tot. Length Watts

P = Polysulfone

Dielectric {K = Kapton 538w 201.9
324 314.7

Cross Section {C = Circular

R = Rectangular

H = Hollow (just oil)

{S = Solid (BeO)

Contacts {T = Tabs (ot ends)

E = Extended foil (top and bottom)
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11 CYLINDRICAL LAYERS ~ 16 TURNS EA, (.0597)
1 CYLINDRICAL LAYER ~ 13 TURNS (,05174)

18 FLAT LAYERS (X12 = 2,16 NODES)

104 TURNS ©.00398 IN,

6 VERTICAL LAYERS ~ 15 TURNS EA. (.0571)
1 VERTICAL LAYER ~ 14 TURNS (.5672)

18 FLAT LAYERS (X7 = 128 NODES)

—— 00026 IN, ALUMINUM
£ .00038 IN. POLYSULFONE

] .0003¢ IN. KRAFT FAPER, OILED

Figure 46. Polysulfone capacitor — schematic and model.
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1 CYLINDRICAL LAYER ~ 11 TURNS (.06050 IN.) {.06050 IN.)

18 FLAT LAYERS (X11 ~ 198 NODES) 18 FLAT LAYERS (X6 ~ 108 NODES)

— 00025 IN. ALUMINUM
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Figure 47. Kapton capacitor ~ schematic and model.




= TABLE 45,

PHYSICAL CONSTANTS

Thermal Heat
= i Density Conductivity Capacity
— 5
= Material lbs/ft3 BTU/Hr ft°F BTU/1bOF
= _ — ——— — *&;
Aluminum 170 100 0.23
| Polysulfone 77.4 0.155 0.31
= Kraft Paper/Oil 84.7 0.073 0.35
5 Kapton 88.7 0.094 0.26
Oil (Mineral) 55.5 0.073 0.41
: Beryllium Oxide 96.5 115 0.30
= Combinations:
: Type 1
= Polys ulfone - 6 at Thru* 0.128
== 0.,00038" Type I
— Kraft Paper/Oil - 4
= - at 0, 00030" 89.8 0.32
=5 oo Aluminum Foil - 2 Along=* 12.67
2 SR at 0.00025" Type 1
Type 11
Kapton - 6 at Thru* 0.093
0. 00050 Type II
Kraft Paper/Oi1 - 4
at 0. 00050" 94.0 0.29
Aluminurn Foil - 2 Along* 9.12
at 0.00025" Type I1
“Since each layer cf the capacitors is made up of 6 layers of film
dielectric, 4 Kraft paper with oil, and 2 aluminum foil, the thermal
conductivity is different when heat is going from inside to outside
(or vice versa) than when going along the length or height of the
capacitor (see Figure | for order of individual layers),
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Following this change, the investigation was extended to evaluate two
additional operational cycles of model 1B:

e 1 minute on - 2 hours off - 12 hours total (Run 1C)
¢ 1 minute on - 1 hour off - 12 hours total (Run 1D)

The last run (1E) was to evaluate removal of the heryllium oxide top and
bottom plates. Model 1C was modified accordingly and the operational cycle
evaluated was 1 minute on, 2 hours off, and 4 hours total,

7.3 RESULTS

The first series of sixteen runs were based on the models shown in
Figures 46 and 47 and Table 44, The operation consisted of one minute on
and two hours cooldown. In addition, these models were based on main-
taining the capacitor case at a constant temperature and combined 2all the
oil in the capacitor as one node. Results are shown in Table 46, It is
readily seen that there was relatively little differences between the hot spot
temperature rises in the various configurations (cross sections, cores, and
contacts) other than between the two dielectrics, The eight polysulfone
capacitors only varied £1,9°F from the average hot spot temperature rise.
Similarly, the eight kapton capacitors varied 2. 7°F at the end of the one
minute power on operation,

Based on these results, it was felt there was a need to permit the
capacitor care to seek its own temperature level, This was accompiished
by addi~g a node to represent a fixed ambient temperature to surround the
case. For the capacitors without a solid beryllium oxide core, another node
was established for the core oil to keep it separate from the case oil,
Models 1B, 2B, and 9B had both modifications while 3A and 4A (with solid
cores) only had the modification to the case, Results of these five runs
are shown in Table 47. Again, the variations due to cross section, core,
and contacts were so slight that all further investigations was made on
Model 1 - polysulfone, circular, hollow core (just oil), and tabs at the ends
of the aluminum foil for electrical contact,
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TABLE 46. CAPACITOR HOTSPOT TEMPERATURES —

FIRST 16 CASES

Temperature, °F
Time,
Runs* Min — 1.0 1.25 10 60 120
1 67.4 69.4 2.3 3E-5 5E-11
2 69.3 69.3 2.3 2E-5 5E-11
3 69.3 69.3 2.1 3E-5 7E-11
4 69.3 69.3 2.0 3E-5 7E-11
5 67.8 67.8 2.9 9E -5 4E-10
6 67.7 67.17 2.8 9E .5 4E-10
7 66.2 66.2 2.2 1E-4 1E-9
8 66.6 66.6 2.1 1E-4 9E-10
9 138.4 138.6 14.0 G.14 1E-3
10 138.3 137.3 13.5 0. 14 1E-3
11 138.2 137.8 12. 6 0. 14 2E-3
12 138.1 136.9 12.6 0. 14 2E-5
13 133.3 129.0 8.0 0.02 3E-5
i4 133,2 129.0 8.0 0.02 3E-5
15 133.2 128.9 8.0 0.02 3E-5
16 133,2 128.8 8.1 0.02 3E-5

*See Table 44 for configuration
Notes:

1. These runs based on case = 0°F
2. Power on Il minute only

3, Cooldown - 2 hours
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TABLE 47. TEMPERATURE RISES FOR MODIFIED NODAL

-

MODELS

A - 1 Hour Operation

Time,

Minutes Run 1B 2B 3A 4A 9B
1.0 70.3 0.2 70.2 70.1 138.6
1.2 69.8 9.6 69.2 69.4 140.1
10 30.0 *3.9 29.7 29.6 63.5
60 18.5 8.4 18.3 18.3 44.0

B - Multiple Hour Operation
Time,

Minutes Hours Run 1C 1D 1E
1.0 70.3 70.3 72. 4
60 1 18.5 18.5 23.0
61 -- 88.6 --

120 2 11.1 29.6 14.4
121 81.3 99.6 86.8
180 3 25.2 36.4 32.1
181 -- 106.4 --
240 4 15.2 40.4 20.1
241 85.4 110.4

300 5 27.6 42.9

301 -- 112.8

360 6 16.7 44.3

361 86.8 114.3

420 7 28.5 45.2

421 -- 115.0

480 8 17.2 45.6

481 87.4 115.5

540 9 28.8 46.0

541 -- 115.9

600 10 17.3 46,2

601 87.9 116.1

660 11 28.9 46,3

661 -- 116.3

720 12 17. 4 46.3

Notes:

1. Temperatures = °F

2. 1-hour operation has 1 min power

3. Runs 1C and 1E have 1 min on/2 hours off
4. Run ID has 1 min on/] hour off
5. Letter after run number, ambient = 0°C., Case seeks its own

temp.
6. Letter B, C, D indicates oil in core separate from oil in case
7. Run 1E assumes no beryllium oxide top and bottom plates
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presents graphic resulte of runs 1 and 1B hot spot temperature rises. Also
shown is the temperature rise/time profile of the capacitor case for run 1B.
The capacitor case in run 1B reaches its peak temperature rise considerably
below the polysulfone hot spot (36.5 vs 70.3°F) and both temperatures begin

For comparison of the original and final temperatures, Figure 48

to converge (within loF) in less than 20 minutes of cooldown,

Figure 49 depicts the same comparisions for the kapton, circular,
hollow, tabbed capacitor. Run 9B hot spot peaked at 140, 1°F (0.2 minutes

TEMPERATURE RISE, OF
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Figure 48. Capacitor study (Both Runs,
1 minute on 1 hour off).
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TEMPS
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s 1 i —— e
10 F ) 2 0 © ©

TIME, MINUTES

Figure 49. Capacitor study (1 minute on - 1 hour off).

after power operation) while the case peaked at 73.6°F (2.0 minutes after
power). Convergence (within 1°F) occurred in about 25 minutes of cooldown.
Runs 1C and 1D used the same model as run 1B with the operation
cycles changed. Run 1C ran i2 hours with 1 minute on, 2 hours cooldown.
Run 1D was run for 12 hours with 1 minute on but only 1 hour cooldown,
The hot spot temperature rises 2re plotted in Figures 50 and 51,
respectively. In addition, the laet four hours were plotted together in
Figure 52. These results shew a cooler peak hot spot temperature rise
for run 1C by nearly 30°F (87.8°F vs 116.2°F) and a similarly cooler final
cooldown temperature (17. 8°F vs 46. 6°F}.
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Figure 32. Capacitor study (last four hours).

= . The final configuration tested (run 1E) was the same as run 1C

except it was modified to eli ninate the top and bottom beryllium oxide plates

and only two 2-hour cycles were run. The hot spot temperature rise after
the second on cycle was 86. 8°F and 20. 1°F after the second cooldown. This
is shown in Figure 53. Figure 54 presents the comparative plots of runs 1C
and 1E. Also shown in Figure 54 are the loci of minimum and maximum
temperature rises for run 1C. By extrapolating parallel loci for run 1E,
the final temperature rises appear to be 96°F and 24°F, respectively.

Thus, run lE is about 7 to 8°F hotter than run 1C.

o 7.4 CONCLUSIONS

Based on the results of this thermal analysis the following conclusions

-1 . appear valid:

1. Any configuration evaluated is thermally as good as the others
of the same dielectric.
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Figure 53. Capacitor study (1 minute on - 2 hours off).

- 2. Kapton capacitors will operate about 70°F hotter than
polysulfone.

3, Two-hour vs one-hour cooldown will result in about Z25°F
cooler operation after four hours.

4. Omitting the beryllium oxide top and bottom plates
increases the capacitor temperature rise by about

8°F, 3
7.5 EXPERIMENTAL

The thermocouples inserted within the sactions of units 13 forward %
produced results which agreed well with this calculated data. The one

experimental fact which the calculations did not reveal is that the tempera-
ture rise during a burst will grow quickly in the last few burats before

failure. This indicates a dissipative mechanism, possibly corona degradation

at foil edges,
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8.0 PFN OPERATING ENVIRONMENT

This task requires the analysis of the conditions under which a PFN

capacitor operates, so that effective tests may be designed, Obviously, the

work required on this task needed .o be performed in support of the fabrica-

-~

i i T I
T Ut L WA b

tion of the pulse test facility, Summaries of the effort appear both in

Sections 4.4 and 4,5, and below.

8.1 PFN DE3IGN

The specifications given for this development assume a standard type

n
e

E network for use in a line-type pulser., This network employs a continuous

solenoid of total inductance Ly =7 ZN/Z, with the individual capacitances

u‘lmi‘ ‘l‘ 4& “,‘“l‘ M“‘

tappud onto the inductor for equal inductance for all sections except the ends,
which are 20 to 30 percent larger., For a 6-section PFN, this is illustrated ;

in Figure 55, The PFN is commonly used in a circuit such as that shown in

e

N —

Figure 56. It is well known that in such a circuit each capacitor except the
last (C6) produces two equal current pulses on discharges, while the last
capacitor producet one large pulse. A schematic of voltage and current for

one capacitor is shown in Figure 57.

A A T LT

L )
Ll N

Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Yy YyYyyy
\; -1: €, J=C S=C IZC IEc, =G
* ‘4 - s P &

Figure 55, Type E PFN schematic.
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Figure 57. Schematic of current and voltage, PFN capacitor.




8.2 COMPUTER MODELLIL.G

The capacitor current waveform for both charge and discharge was

modelled on a computer, so that the various frequency components and
currents could be found. These are useful to calculate total power loss in
the capacitors, since the dissipation factor and equivalent series resistance
(ESR) versus frequency can also be measured. The values found are given
in Table 48 for a PFN with a 20 uS wide current pulse per capacitor (the
specification of Task 4, paragraph 4.4 of the SOW), and in Table .49 for a
PFN with a 20 pS rectangular output pulse (the specification of Task 9,
paragraph 4,10 of the SOW). The factthat the power loss for the short pulse

is several times larger than the transfer of an equivalent amount of energy
in a longer pulse is not suprising. Power loss depends on the square of the
RMS current, and the current clearly gets larger for a shorter pulse.

The ESR of capacitor sections of various types was laboriously
measured using several different apparatuses at different points in the
frequency spectrum. This data is displayed in Figure 38, together with the
squares of the current data from Tables 48 and 49, Thus, an idea of the

power dissipation can be gotten, as the power dissipation is simply 12 x ESR.

TABLE 48, CAPACITOR CURRENT SPECTRUM

Discharge
Frequency Components
Charge £ f2 £3 f4 f5 Sum
Frequency, kHz 0.15 | 12.5| 25 37.5 1 50 62.5
Current, A Rms 2,9 26,41 28,2 | 16.3| 8.6} 5.3 46.5
Typical Loss, Watts 10 45 41 12 3.21 1.1 114
Notes: a) 300 pps rate assumed, operating into matched resistive

load

b) Current values for 1.0 pF capacitor

c) Power loss for polysulfone /kraft construction
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TABLE 49, CAPACITOR CURRENT SPECTRUM, 20 S PFN OUTPUT

Dishcarge

Frequency Components

£ i f f

1 2 3 4 Sum

Charge| f

(8]

Frequency, kHz 0.15 | 75.5 | 151 226 302 |337

Current, A Rms 2.9 66.7 | 71.31 41.1| 21.8(13,3; 117

Typical Loss, Watts 10 173 178 57 16 5.7 506

10 1 1 16,000
e & e« 20 uS CAPACITOR PULSE
— ot w20 1S PEN PULSE '
L PVF-KRAFT g :
L
, \ T - 1000
. _ POLYSULFONE—KRAFT B i ] -~
| 1] >
KRART— l ' | ‘ | "
N~ | 1, 2
1]
ﬁ\r\L\L!-’ ’ [
0.1 ™ : T ]‘F"— 100
L1
1 N
BIRR
oon | iyl 10
0.1 10 100

FREQUENCY ~ KHZ

Figure 58. ESR and harmonic discharge current,
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Computer plots of the capacitor current waveforms were made for
each capacitor. One such waveform is shown in Figure 59, for a capacitor
in the 20 S output PFN, These waveforms were verified by building low-
voltage scaled-down P¥Ns and actually measuring the currents with an

oscilloscope.

8.3 DESIGN Of TEST APPARATUS

The apparatus to test these PFN capacitors must clearly be of one
of two forms, Obviously, a full PFN with appropriate switch, load, and
power supply could be used. This is very expensive and unwieldly for the .
present situation, unless other uses could be fourd for the equipment, since
about 500 kW of power is involved.

The approach adopted for this program was to test single capacitors,
using an RLC resonant circuit of which the capacitor is the specimen to
achieve the same distribution of frequency harmonics as actually occurs.
This equipment is discussed in detail in Section 4, and an additional block

diagram is to be found in Section 6,
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9.0 RELIABILITY AND MAINTAINABILITY ANALYSIS
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The capacitors and pulse-forming networks (PFNs) developed under

TR
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e it ‘l‘
A

*

this program typically fail through failure of a single capacitor element, or
pad. This failure may then also destroy other parts of the capacitor or PFN,

Because of the small number of components fabricated and tested, it is

it

difficult to perform a full statistical analysis, However, some conclusions
can be reached,

The term '"'screening'' is taken to mean the half-voltage 3 burst test
designed to weed out infant mortalities., The data for both part types is
given, on a per-pad basis, in Table 50.

Maintenance must be per{ormed whenever there is a failure. If the

PFN is a single sealed unit, the entire unit must be discarded and replaced.

The capacitors, once impregnated, are not repairable.

TABLE 50. FAILURE RATE DATA

Unscreened Screened
014 026 0l4 026

Total Section Failures 4 2 2 1
Section Failure Rate, per 1000 shots 0.0039%/0.004% ;0. 003%, 0. 002%
Capacitor Failure Rate, Per 1000 shots |0. 018%[0.016%|0. 008% | 0. 009%

PFN Failure Rate, per 1000 shots 0.11% |0.094%0.045%| 0, 052%
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10. 0 PULSE FORMING NETWORK

One type E PFN was fabricated, checked out, and tested. The PFN
coil was supported by the capacitors such that either 014 or 026 components
could be used in the line. After static tests at Hughes, the PFN coil and
13 capacitors were shipped to the Air Ferce Eigh Power Labcratory, Griffiss
AFB, New York, for testing. During the testing no failures were encountered.
After testing, the PFN coil and 12 capacitors were shipped to the
Aero Propulsion Laboratory at Wright-Patterson AFB, Ohio.

10.1 PFN CONSTRUCTION

The only design necessary was that of the PFN coil, since the SOW

specified that the previously fabricated capacitors were to be used.

10, 1. 1 Capacitor Inductance

Within certain limits, the actual inductance of the capacitor is not a
limiting factor, since a careful PFN design takes the inductance into account.
It was necessary to measure capacitor inductance to do this,.using a self-
resonant frequency technique, Simultaneously, the ESR was obtained. The
test set-up is shown in Figure 60. The capacitors' inductance as measurad
turned out to be somewhat larger than the 26 nH specification goal, but this
was probably due to the common use of the single type of ceramic bushing
that was not designed for low inductance. The PFN design was not adversely
affected. Capacitor data is shown in Tatle 51, where component 036 is the
large 1.1 pF 30 kV capacitor described in Sections 14-16,
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Figure 60, Capacitor inductance measuring arrangement.

TABLE 51. CAPACITOR INDUCTANCE DATA

Capacitor p/n C (pF) SRF L (nH) ESR (1282)
014 2,39 347 kHz 90. 132
026 2.33 355 kHz 90. 54
036 1.1 550 kHz 115, 30

10, 1. 2 Design Considerations

It is important to realize that che design of a PFN coil is a non-trivial

problem. Without going into the details of such a design, which are well
documented in the literature, the following cifferent considerations entered
. into the final design:
] Power dissipation, heat capacitity, and temperature rise of
the coil
. Inductance of capacitor and interconnecticn

. Location of taps
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® Correction for non-zero wire diameter

™ Correct inductance and mutual inductance

The final design was modelled on a computer with all the measured param-

eters to ensure a good pulse shape.

10. 1. 3 Coil Construction

The coil was made from thick wall copper tubing. The specifications
were:
Material : 0,625 OD, 0.032 wall copper tube
Coil Diameter : 6.095 inch ID
Coil Length : 32.7 inches
Conductor T.ength : 295 inches

N“I‘J

The schewmatic and a detailed view of a tap are shovrn in Figure 61,

10,2 PFN CHECKOUT

The capacitors had previously been individually tested, as described

above. Therefore, checkont was limited to a partially charged test of the

proper wave shape.

o st iy Dl

10.3 PFN TEST

, The PFN testing was accomplished 9-11 October 1979 at the High
Power Laboratory, with the helpful and valued assistance of Bobby Gray.
Mr. Dougherty, the Project Monitor, witnessed the testing,
10. 3.1 Set-up

A standard test circuit was used. The switch tubes were two Tung-Sol

TN w'MWWHWM sy

X1222 cperating in parallel. The load was a low inductance coaxial copper

<nliate load, working into en Energy Systems heat exchanger, which fed into
a liquid-to-air heat exchanger. Waveforms and voltages were monitored
with a Tektronics 555 oscilloscope and high voltage probes.

The PFN itself was placed on a copper sheet ground plane. Ground

by

connections were ma.e with pieces of the copper sheet. The arrangement is

shown in Figure 62, The power supply used was the large 3.9 megawatt unit

o b e o

in the main test bay.
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Figure 61, PFN coil construcuiun,
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Figare 62. Diagram of test setup.

10,3, 2 Tests and Results

Throughout the testing, triggering problems were encountered with

A

the switch tubes, so that occassionally the exact test profile desired could

not be run.,

The initial tests were run on 014 components for the purpose of

checking the waveshape. The observed pulse was rectangular, with the

following constants measured approximately {rom the oscilloscope screen:

Pulse width, zero-to-zero: 24pS
Rise: 2to 3uS

Fall : 65

Charge Time : 8mS

The charge time was determined by the power supply and charging reactor,

and limited the maximum PRF selected to 125 pps.

149

l

T e

== e -




A summary of the test data using the 014 capacitors is given in
Table 52. The capacitors performed well in this service. During the testing,
the case temperature of Cg, the most highly stressed unit, was monitored.
1t was noted that C6 was noticably warmer than the other five capacitors.
Referring to Table 52, runs 10-13 were accomplished in a period of about
8 minutes. The maximum case temperature of C, occurred 47 minutes after
the test, and was 12°C larger than the starting temperature. The peak
current at 15 kV was 9600A,

Because of the time pressure, and because the Project Monitor
expressed the desire to have at least 6 good 026 units, it was decided to
replace Cg in the 014 line with an 026 capacitor, SN 12, rather than use all
6 026 units. This component was instrumented for case temperature meas-
urement, and four additional runs were made. This data is shown in Table 53.
The component got quite warm, but performed well. Temperature data is

shown in Tzble 54.

TABLE 52, 014 PFN TESTING SUMMARY

Run Number Rate Voltage (kV) Total Shots
1 100 6 60, 000
2 25 7 75, 000
3 3 15, 000
4 125 7 5,625
5 10 7,500
6 125 13 7,500
7 5 15 1, 200
8 30 15 5,400
9 >2¢0 15 4,500

10 >200 15 15, 000

11 3 15 360

12 33 15 1, 650

13 125 15 15, 000
150
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TABLE 33,

PFN DATA WITH 1 026 CAPACITOCR

Run Rﬁate Voltage (kV) Total Shots
14 50 10 9,000
15 50 i3 4,500
i6 50 is, 2,900
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CASE TEMPERATURE DATA

Run T. ..., {°C) T.. {*C) /Time
initial fii:al max

13 26 32 21713 min

15 41 43 49710 min

16/17 36 51 66 /1C min

T /time means
max

how long after the

the maximum case temperature (°C) at

run.




11,0 FOIL EDGE INVESTIGATION

One of the energy density limiting factors previously identified was
capaciter failure through corona at the edges of the capacitor foil (see
Figure 31)., It was therefore decided tc investigate methods of smoothing
the foil edge, and to perform weight minimizations based on the smooth

edge.

11,1 FOIL EDGE TREATMENT

A study was undertake= to evaluate techniques of capacitor foil edge

treatments. A rounded foil edge would be expected to provide a higher

corona inception voltage for capacitors than the normal rough sheared

edge, An obvious constraint on any practical process is that the edge treat-
ment rnust be usable on rolls of capacitor {oil,

A sheared edge is shown in Figure 63, These are SEM microphoto~
graphs of 0,00025 inch thick alt minum foil. Tigure 64 is a treated edge.
This particular edge is propane torch conditioned, but the shape is typical of
all treated edges. All testing was performed on this type foil. Testing
consisted of edge treatraent, SEM examination, and corona inception
measurement in an oil encapsulated two plate capacitor. The capacitor,
shown in Figure 65, is a special configuration waich provides for maximum
electrical stress at the treated foil edge. It is assumed that the corona

breakdown mechanism will occu at thz iest edge of Figure 65,
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Figure 63, Untreated 1/4 mil foil.
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Figur

e 64, Treated foil edge.
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Figure 65,

Foil edge corona test fixture,
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11,1, 1 Processing Limitation

Processes which can change foil edge geometry

Folding tu create a new edge

Spark erosion treatment

Laser cutting

Flame treatment

Gaseous discharge plasma etching

Chemical etching
Fine grit blasting

e Electropolishing

Examination of a roll of capacitor foil leads to the conclusion that any process
dependent upon rerolling prior to capacitor winding will be extreme.y difficult,
and probably would require a machine like a capacitor winder to implement.
The edge distortion and uneveness of the edge, ccupled with the extreme
distortion in handling operations led to this conclusion.

Because the edges on different wraps within a roll were not well
aligned, bulk treatment of the edge would not be expected to be uniform. For
these two reasons, gaseous plasma etching and wet chemical processing
were discarded as potential treatments.

Spark erosion techniques could be used fo cut a new edge on a bulk
roll. Spark erosion, folding, laser cutting, fine grit blasting and flame

treatment could all be done on a capacitor winding machine as the foil is

being unrolled,

11.1.2 Process Evaluation

Four different processes were evaluated. Electropolishing had been
previously tested, and was found to produce a poor edge. Folding is possible,

and the improvement has been well established.

11, 1. 2.1 1aser Cutting

Laser cutting was performed on a "Q" switched Korad machine usually

used for resistance trimming of hybrid substrates. Lasers cut material by
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localized heating due to absorption of light energy., This melting is
analogous to a cutting torch action.

The cut edge resembles a miniaturization of a steel plate cut with a
torch as shown in Figure 66. Rounding is pronounced at the edge and con-
firmed by corona measurements but scattered material from the cutting
action is also present in the region around the edge. The particle contami-
nation is inherent in the cutting mechanism. This technique has the
capability of being controlled adequately, but is not recommended for
capacitor foil treatment because of high levels of particulate contamination

which would be generated by such edge treatment,

11,1, 2.2 Spark Erosion Treatment

Spark erosion cutting was done on a Charmille machine. This
machine is used for removal of broken taps and machining of precision parts
such as apertures and blind grooves, A matrix of cutting parameters was
established. The control parameters which influence edge shape were cutting
tool feed rate and spark energy, A typical edge is shown in Figure 67.

Additional tests were performed on multiple pieces of foil stacked up.
Particulate contamination was excessive near the cut edge, This contami-
nation naturally was minimized on the stacked material. Cutting of this
type would not be recommended on the winding machine because of the
creation of particulate contamination by the process., Rolls of material
could be pretreated by spark erosion machining of the entire roll of foil,

To efficiently do this, the foil should be supplied on an aluminum core rather

than the usual cardboard core.

11, 1, 2.3 Fine Grit Blasting

Hybrid substrates sometimes have silk screened resistance elements,
These resistors are fired and trimmed to final value using a grit blaster
with a very narrow beam, Some foil was cut using the same technique, The

edge had poor shape and was heavily cuntaminated. No further testing was
done.
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Figure 67. Spark erosion treated foil edge.

11,1, 2.4 Flame T reatment

It was speculated that a torch flame could be used to remelt the foil
edge to eliminate ihe sharp points. Initial tests produced non-local heating
and distortion because aluminum is such a good heat conductor, Laying the
foil on cooled surface solved that problem. A propane torch which had a
poor flame control was uced. It was expected that the rounding could be
observed using this torch and if the technique had any validity, finer methods
of control of the torch would be evaluated. The concepts of a large heat sink
in contact with the foil worked so well that further work on better torches
wasn't necessary. The basic corclusion is that large variations in flame
distance and size will burn off or remelt the edge of the foil away from the
heat sink and stop its action where the aluminum foil is well heat sinked., It
is expected that a heated air jet would behave equally well, although this was
not checked.

A torch treatment method would be very easy to build intc a conven-
tional capacitor winder. A water cooled metal roller would be necessary

in the treatment area.
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11, 1,3 Corona Testing

The fixture shown in Figure 65 was used for foil edge evaluation.
The insulation was:

0,003 inch kraft paper

32 wauge polysulfone film:

0.0603 inch kraft paper

32 gauge polysulione film

0.0003 inch kraft paper
The fixture was placed in a pyrex dish and vacuum haked at 105°C for one
It was then filled with processed mineral

The filling was done over a 1/2 hour

hour at 30-50 microns pressure.
oil while in the vacuum chamber,
period, Each fixture filling had a number of prcprepared sample stacks

consisting of insulation and aluminum foil under the oil surface, These

were positioned as shown using tweezers, The samples were not moved

above the oil surface during positioning so no air bubbles were trapped.
Each sample was measured for its corona inception voltage, defined
by a 300 picocoulomb in 30 seconds discharge rate. Table 55 shows the
data taken.

As expected, the four edge treatments all give a higher corona incep-
tion voltage than the origiral edge configuration, The data shows large

scatter. However, it is comparable to previously published data.

11, 1.4 Conclusions:

Spark erosion, laser cutting and flame torch treatmert will all
increase the corona inception voltage of fcil edges.

TABLE 55, CORONA INCEPTION VOL1AGE, FCIL EDGES

Fixture Normal Folded Spark
Only Edge Edge Erosion Laser Torch

4490 4000 4210 4050 4160 4340
4000 4250 4110 3850 4100
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e The flame treatment is the easiest to implement,
e Spark erosion cutting of bulk foil rolls is worth testing,

e Corona inception voltage measurements only show trends and
aren't repeatable enough to be considered definitive.

e A large sample of capacitors must be built before one can
evaluate how energy storage or reliability is improved by
capacitor edge foil treatment,

11,2 CAPACITOR WEIGHT MINIMIZATION

Capacitors constructed on this program which survive the first few
tests normally fail because of corona at the foil edges. If a foil with a
rounded edge, produced by any of the mechanisms described in 11, 1, were
used, the limit on the achievable energy density would be the peak field at
the edge of the foil, not the average field. This minimization is based on
that assumption,

The energy stored in the capacitor is

CeAV2

ta

U =

where C is a constant, ¢ the average dielectric constant A the area, V the

applied voltage, and ty the dielectric thickness. The average field is V/tg,
so

_— 2
J = CeAtdEAV

The weights of the dielectric and foil are:

\Vd = Atd dd
V'If = Atfdf

where d is the material density. The energy density is then:

ED = U/(Wq+ W)

2 t;
Eav /[dd T df]

|t |
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Using f = Edge Enhancement Factor = Eedge/Eav’ R = d;/dy, and
D =tq/ts, this becomes:
2
De Eedge

ED = 5
dff (D/R + 1)

A plot of the Field Enhancement factor vs D is shown in Figure 68.

Rather than using this rather complex expression to test various
designs, one may define a quality parameter. This parameter contains only
design variables, and has the property that the maximura value of the quality

parameter contains the optimum design valucs. Such a quality parameter is

Qz_z____lz____
f(D/R + 1)

1

UNALIGNED FOILS OR
= EXTENDED FGiL,
CYLINDRICAL EDGEZ

// ]

ALIGNED FOILS.
CYLINDRICAL EDGE

F - T ——

8 © 16 20
D = ty'ty

Figure 68, Field enhancement factor { vs
thickness ratio, for cvlindrical {oil edges.
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A plot of Q versus D for selected R values is shown in Figure 69, and shows
that the maximum of Q occurs in the range 1 <D<2, Most common capacitor
construction has D in the range 5 to 15, For example, design B on page 86
has D approximately 8, Therefore, according to this model, best results
obtain when the foil and dielectric are of about the same thickness,

It must be added that there are refinements which could be incorpo-
rated into this model. The dielectric constant of the bulk insulation is
rarely the same as that of the fluid, and it is the fluid which is up against

the foil edge. It is possible to have a variety of difierent quality parameters.

For example, suppose one maximizes ED at the same time holding E

edge
at or below a particular value.

Capacitors with thick foil have been built, most notably the Westing-
house Mark VII and VIII power capacitors. These also incorporate folded

foil, and the manufacturer claims greatly increased life,
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12.0 CASE WEIGHT MINIMIZATION

In a conventional capacitor of the size considered on this nrogram,
the case, case insulation, and terminal are an appreciable {raction of the
total capacitor weight. This is illustrated vividly in Taktle 35, for P/N 014.
Therefore, the development of two different types of lightweight case, metal
and plastic, was undertaken. Because of the exploratory naturc of this pro-
gram, and because the exact intended conditions of use are not known and
are presumed ‘0 be changing, little considaration of the operating environment
was given, For example, ‘he stainless steel encased units are very light and
hermetically sealed, but thev break if dropped and probably would not function

well in 2 variable pressure environment unless the sides were stiffened.

12.1 METAI. CASES

it was decided to design and fabricate as light a metal case as was
possible to assemble. The capacitor chosen for assembly into the case was
P/N 026. The result of the design is shown in Figure 70, The case itself is
: made of 5 mil stainless steel sheet. 1t is carefully folded intc the shape

shown in Detail 99, and spot welded to hold it together. The seams are then

. soldered: the soldering is facilitated by a 0.3 mil tin plating. Soldering was

- - chosen ov:r brazing because of the ease of assembly. The fill-port and
ground posts are also made lighter than those usually used. The entire case

:% without bushing weighs 73g. A cornpleted capacitor using this case :s shown

in Figure 71,

- A much larger design was then attempted, to house the 500 joule

) (1.1pF 30 kV) capacitor (P/NG(36) described in Sections 14, 15, and 16. A

scaled up version of the previous design, this case aiso had a larger {ill port

and only ore ground post. It is shown in Figure 72.
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P/N 026 utilizing very lightweight stainless steel case,
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Both cases were moderately difficull to assemble, because of the
care required in soldeving the seams and handling the flimsy cans before
the capacitors were assembled into them, The 026 case contained the
capacitors well during testing, but the 036 case failed catastrophically in
two instances, as described in Section 16, Standard ceramic bushings were
used for both cases. However, for airborne operation high volitage connectors

could be used, saving approximately 30 percent of the bushing weight.

12,2 PLASTIC CASES

Three fiber glass containers were designed and fabricated, to test

their use as capacitor cases, Cases of this type have three main advantages:

light weight, high strength, and built-in high vcltage terminals.,

12,2.1 Summary i

Pressurization test of 5 psig showed that the cases have a volume
increasec of approximately 8 cubic inches, which is enough for a typical
capacitcr of this size over a temperature range of -58°F to +194°F, :

The containers showed evidence of oil secpage at 150°F, However,

they did not have a seal coat, and acuum impregnation or a Gel-coat would )
P4 ’

prevent this,

o MR L s

Limited testing shows excellent feasibility.,

PRI

12. 2.2 Fabrication Procedure

- Case size was 5,48 x 7.13" x 5, 0" with a corner radius of 0.875", H
3 :

} e Wall thickness was 0,050", The top was {lared te accept a flat lid. 1Lid

i;j‘\- thickness was 0, 120",

‘ff Three capacitor containers were formed as a laminated structure
\*’ ’ asing 6 plies of preimpregnated glass cloth, After cleaning the aluminum

lavup tocl, plics of the epoxy pre-prey were formed on the tool surface, with

the cloth wrap fibers direction rotaied 90° for alternate layers. The (6) ply

layup was then covered with a nylon filin, scaled off and evacuted to &8 inches
of mavrcury, The vacuum bagped assembly was then placed in a hot -air-

. o
circulating oven and cured under vacuum pressure for 3 hours at 350°F,
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The cured part was allowed to cool to room temperature, and then stripped
from the mold.,

The rough molded containers were machined on an open set-up to
finish dimensions. The lid or cover was formed from the same prepreg
material, cured in a heated platen press at the same cure temperature and
time as the container, After cure the cover was trimmed to fit the container.

On one container the cover was fitted with an air inlet tube for
pressurization, This was then bonded to the case using a gap filling epoxy
paste adhesive (Epibond 934).

The second container was assembled into a working capacitor. ‘The

unit contained 10 capacitor pads (pad size 0,845" x 2,7'" x 4, 65¢") and was

SR

filled with mineral oil, The combined pad size with fiberglass ends was 4. 375"

4,375"x 5,5 x 4,656%, (Volume 101, 36 in3.) Volume of the container was
192.08 in3. The terminals were 10-32 Lolts, held in place by epoxy. Two
1/8" pipe plugs were used to seal the fill hoses. This unit is shown in

Figure 73,

12, 2.3 Testing

Testing of one unit consisted of pressurization to 5 psig and
measuring the deflection on the length and width,
Testing of the completed capacitor (3.02 MFD, 0.30 percent DF,
10 KVDC) was conducted at 150°F where the unit was checked for leakage,
Weight of the unit was 9. 38 1bs, commnared to 11.7 lbs for a P/NO014,

The plastic case weighs about 30 percent as much as the metal case,

12. 2.4 Results and Discussion

The Table 56 shows ‘ .e difference in measurements when the case
was subjected to 5 psig. Measurements were taken at the center part of
the ends and sides.

When the pressure was shut off a build up of approximately 12 psig
occurred. This blew the cover off with failure ccct.rring at the bond line of
the lid and case. A proper design of case and lid would prevent this, With

the flat 1id, failure was caused b7 peeling of the adhesive.

170

donili

g
oy

A T v Sl Spmmatromet 3] peine

"
i o

g

o



e

£,

T AL e L e

iy

DAL SR A gl T

m

o LA 1 S e PR

o

: riigure 73, Lightweight plastic case with 014-type capacitor inside.
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TABLE 56, PLASTIC CASE DISTENSION MEASUREMENT

Measurement Measurement with 3

Initial 5 psig pressure Increase g

End Measurement 7.130 7.222 0. 192 T
Side Measurement 5.485 5.712 0,227 51

The deflection on the sides and ends, and assuming the same on the

bottom as the sides provides a volume increase of approximately 8 in3.

i S i

Oil displacement in this capacitor over the temperature range of -58°F to
+194°F would be 6 'm3.

When the completed capacitor was heated to 150°F evidence of oil

o

was noted. This was not a major leak but more of a "seeping'! action through

the walls of the container. The unit did not have a seal coat, and vacaum

impregnation or a Gel-coat would possibly prevent this.
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13.0 EXTENDED FOIL TERMINATION

This was the first of four tasks added late in the program, with the
objective of applying the developed technology to a different set of service
requirements. It was desired to achieve light weight in a 4 section 10puS
output pulse width PFN, A brief analysis of the currents involved, shown in

Section 13, combined with the measurements of TSR versus frequency,

shown in Section 5.0, ruled out the tab-type terminations employed on all the

other capacitors developed for this program, Therefore, a development of

reliable extended-foil type terminations for this service was undertaken.
13,1 SELECTION OF TECHNIQUES

As customarily practiced in the capacitor manuiacturing industry,
an extended foil termination is made basically by smearing solder on the

foil protruding from the end of the section, This technique is at best

uncontrolled and subject to wide variation in contact resistance and there-

fore failure rate, Therefore, other methods not usually applied to extended-

foil terminations where foil is used were investigated as well,

Four techniques were examined:

° Commercial soldering,
° Oxy-acetylene welding in nitrogen,
. Flame-spray of metal,

e Electron beam welded strips.

The commercial technique was investigated to determine if the process could

be made well controlled and repeatable, The oxy-aceiylene wealding was tried

to see if a ~arefully controlled bead could be obtaired. The flame spray
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technique is customarily used on commercial metallized film capacitors,

and Hughes had recently developed techniques to produce uniform repeatable
low resistance terminations. The electron beam welding was the technique

thought to have the most promise, inasmuch as it can be very precisely
controlled.

13,2 CONTACT RESISTANCE TESTS

In order to test the efficacy of var:ious techniques, test specimens for
the measurzment of contact resistance were made. These specimens were
similar in size and shape to standard capacitor sections made for extended
foil termination. However, the foils used protruded from both sides of the
specimen, so that the capacitor was shorted, as shown in Figure 74. When
the termination technique was applied to both sides of the specimen, the
contact resistance was easily measured using a Kelvin bridge. The foils
protruded 0, 25 inch (0.63 cm) on each side except where noted.

Both the commercial solder technique and the gas welding produced
sloppy, poorly controlled joints which were obviously high in conductive
particle residue. Some prcblems with the solder wetting the foil were
encountered. However, an aluminum solder, as reported by TRW (AFAPL-
TR-75-69) was not tried, because of an esthetic reluctance to use the

necessary extremely corrosive flux.

[~ — /™1

DISLECTRIC
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Figure 74, Termination test device, cross section, A
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For the flame spray tests, two different materials were used in the
sprav:

. Babbitt only
e Aluminum with babbitt on the top.

For the electron beam work, straps 0.016 inch (0. 04 cm) of alloy 2024 were
welded to the sample ends, A typical flame spray unit is shoewn in Fig-
ure 75(a), and an electron beam welded unit in Figure 75(b).

Samples of both flame spray types and the electron beam weld were
temperature cycled. The DC contact resistance of all specimens was
acceptably low, and no changes were observed after temperature cycling.
These data are shown in Table.57.

Following the temperature cycling, each specimen was microsectioned
to examine the termination. There was some tearing of the thin (0. 25 mil
or 6 pm) foil during the polishing process. The babbitt termination is shown
in Figure 76(a). There 1s so:ne evidence of penetration of particulate matter
into the dielectric stack, The electron beam termination is shown in Fig-
ure 76(b), and as expected the termination is very clean and localized.

The electron beam terminations were not mechanically sturdy, and
it was found possible to pull them off by careless handling, as Figure 77

shows. The flame sprayed texminations were quite rugged.

13.3 CAPACITOR PULSE TESTS

Capacitor sections were fabricated for functional evaluation. These
sections had layer designs similar to the successful units described in
Sections 4 and 5. The samples were wound so that 0. 080 inch of foil extended
beyond the insulation on each end, which was very satisfactory for the
flame-spray termination. The electron beam exhibited a tendency to cut
into the capacitor stack, so the units were rewound with 0. 25 inch foil
projection.

Leads were soldered directly to the babbitt as shown in Figure 78,
In a production situation it would be desirable to use ultrasonic soldering
techniques to eliminate the flux, which would surely cause ionic degradation
of the impregnant, The electron beam welded units had nickel and copper

electro plating applied to the strap ends, so that connections could be soldered.
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Figure 75,

Typical terminaticns.
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ENDED FOIL CONTACT RESISTANCE TESTS

Condition

Resistances in Ohms

#1
Babbitt

5 ]
&

Bab & Al

#3
Electron
Beam Weld

#4
Electron
Beam Weld

Initial Reading
3 Cycles
0° to +1€0°C

3 Cvcles
-40° to +125°C

1 Cvcle
LN, to +150°C

Pl Cycle
LNZ to +150°C

1 Cycle
LN, to +150°C

0.0005
0.0006

0.0005
0. 0006

0.0004
0.0004

0, 0007
0. 00087

0.00052
0.00054

€. 0005
0,00059

0. 0007
0. 0007

0. 0007
0. 0007

0. 0005
0. 0005

0.0011
0. 00093

0. 00098
0. 00088

0. 00076
0. 00070

0. 0003
0. 0003

0.0003
0.0003

0.0003
0.0003

0. 00036
0. 00048

0,00035
0,00048

0.00035
0. 00042

0.0003
0. 0003

0.0003
0.0003

0.0003
0.0003

0. 00072
0. 00059

0.00073
0.00058

0.0007
0. 00059

R,
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Two capacitors bearing each type of termination were assembled for
pulse testing, using the techniques and fixtures shown in Sections 4. 2 through
4.5, The capacitors were 2,2 p¥ 7.5 kV units, and were impregnated with
mineral oil. A summary of the test results is given in Table 58. The
electron beam welded units failed at lower voltages than exvected, while the
flame sprayed units performed well.

All capacitors were disassembled to determine the canse of failure,
The electron beam welded terminations failed because of the inadvertant
cutting of the dieizctric during welding, as shown in Figure 79(a). it is
suprising, in retrospect, that they worked at all. No curreant crowding was
observed. Both flame sprayed urits failed at the outer edge of the R
about 1/2 inch from the termination, as shown in Figure 79(b). No degra-
datior of the termination was found when the section was unrolled, The
failures were not completely understood, but might have been assisted by

the inevitable free metal particles produced by the process.

13.4 CONCLUSIONS

The really intriguing development uncovered in this work is the use
of electron beam welding to terminate extended foil capaciters. The con-
nections were very good, but further process development would be
necessary to eliminate the dielectric cutting observed in these specimens.
The termination is mechanically fragile, but very clean.

The flame-sprayed babbitt terminations are acceptarie and uniform,

but have an inherent problem with particulate contamination.

it
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TABLE 58, PULSE TEST OF TERMINATIONS

AL S PO MBS PO I A €

S/N Voltage kV Shots, 1000s Comments
1 3.0 35 Failed at end of burst,
2 3.0 105 Ok
3 . 105 Ok
4 3.0 105 Ok
4,0 35 Failed at end of burst
4,0 7 Ok
4,0 70 Ok
3 5.0 35 Ok
4 : 5.0 35 Ok
3 6.0 35 Ok
6.0 35 Ok
3 7.0 18 Ok
4 7.0 18 Ok
3 7.5 8 Failed during burst
' 7.5 8 Failed during burst
Notes: Shots are cumulative for the voltage given only,
S/N 1 and 2 are electron beam.
S/N 3 and 4 are flame spray.
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(b) Failure at arrow-babbitt termination.

Figure 79. Electron beam cut in dielectric
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14,0 CAPACITOR DESIGN

This section reports the design of a 1, 1pF 30 kV capacitor which

will operate satisfactorily in a PFN of the following specification:

Type : E

Number of Sectors : 4

Qutput pulse : Rectangular

Pulse width ¢ 10pS

Impedance : 1,125 ohm

Pulse Rate : 50 to 100 pps

Duty ¢ 90s burst every 2hr.

These capacitors use the extended-foil terminaticn reported in the previous

section,

14,1 LAYER DESIGN AND NUMBER OF PADS

A number of different trade-offs were considered in the design of
this capacitor. Several different layer designs and several different pad
arrangements were experimer.ted with to obtain a lightweight but reliahle
capacitor. It became clear that an arrangement which used the fewest pads
was lightest, so therefore four series pads valued at 4.4 pF were used. In
order to make physically realizable sections which would package into a
reasonable shape, wider insulation and foil than was used previously was
specified.

Because of the results of the 026 testing described in Section 6,
various layer designs were examined to see if an increase in operating

voltage might be obtained (this design was made before the PFN test




described in Section 9). A variety of configurations was compared for field

balance, as shown in Table 59, Weight penalties are displayed in Table 60.
The testing pecformed in Section 6 showed acceptable performance at

12,5 kV. Because a multiple-section design was to be used, it was decided

to add a margin of safety by using 0. 32 mil polysulfone, instead of 0.24 mil,

This resulted in a field balance only 8 percent larger at 7.5 kV than the

026 layer arrangement at 6,25 kV, with a 13 percent weight penalty, Winding

data is shown in Table 61,

TABLE 59, FIELD BALANCE COMPARISONS

Field (V/mil)

No. Configuration 0il Paper Plastic
1 P/N 026 at 15 kV 2761 3430 5622
2 P/N 026 at 12,5 kV 2320 2881 4415
3 Design D, DOP, 7.5 kV/pad 2505 3080 4726
4 5 Sections, P/N 026 pads 2286 2810 4351
5 P/N 026 pads with 36ga P, S. 2384 2930 4538
6 P/N 026 pads with 40ga P, S, 2274 2765 4328

TABLE 60. TRADE-OFF WEIGHT PENALTIES

Trade-off No. % Thicker % Lower ¢ % Heavier
1 0 0 0
3 10 3.1 13
5 12 4 16
6 16 5 21




TABLE 61. WINDING DATA, P/N 036

Item Value

Insulation Length 1118 in,
Insulation Width 6.0 in.

Foil Length 1078 in.
Foil Width 5.75 in.
Foil Projection 0.25 in.
Active Width 5.25 in.




15.0 PFN DESIGN AND FABRICATION

Two identical 10pS 30 kV PFNs were designed and fabricated to the
specifications given in Section : The design of the PFN coil was accom-
plishad according to the procedures set forth in Section 10, while the capaci-
tors were fabricated according to the procedures in Section 6. Because an
assembled PFN would contain 16 sections, the failure of any one of which
would abort testing, it was decided to make the physical design of the PFN

like that of Section 10, with individually interchangeable capacitors.

[}

15.1 CAPACITOR FABRICATION

Capacitors P/N 036 were fabricated according to the designs and
specifications of the previous section, using lightweight cans as described
in Section 12, The internal packaging scheme is shown in Figure 80, and
a finished capacitor is displayed in Figure 81, Static acceptance data is
given in Table 62. Ten capacitors were fabricated, allowing 2 spares.

The average capacitor weight was 9.6 1bs complete.

15.2 PFN COIL DESIGN

The PFN coil schematic is shown in Figure 82, The parameters of
the design are given in Table 63, The coil was supported on the tops of the

capacitors by the capacitor termiraticn only,

15, ENCLOSURE

An enclosure for the PFN was designed. It is shown in Figure 83,
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Capacitor P/N 036. 1.1 pF 30 kV,
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3 TABLE 62, P/N 036 ACCEPTANCE DATA
= S/N Capacitance (uF) D.F. %) | D.C. Leakage (6 kV) (i)
= 1 1,133 0.38 1.6
= | 2 1. 145 0.33 1.8
3 1. 159 0.32 1.7
4 1. 134 0.32 1.55
5 1,140 0.29 1.45
6 1. 137 0.2¢9 1.35
i
7 1. 146 0.28 1,85
8 1. 149 0,32 1.25 z
9 1. 142 0.32 1. 35 1
10 1. 146 0. 30 0. 89 :
|
25T 27T 27 2K1T
Y'Y Y'Y Y Y o s 'a Y
1.13 uH 0.82 _BHVO.SZ uH \_/1.13 uH f
0.28 2H 0.26 zH 0.28 uH
Figure 82, PFN coil schemeatic. ; F
TABLE 63. PFN CClL PARAMETERS
Item Value
Coil Material 0. 625 dia copper tube, 0.062 wall
Inside Diameter T.875 inch
- Length 18 inches
i' Total Inductance 5,83 pH
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16.0 PFXN TEST

i

Because of the very high voltage involved, very high voltage hi-pot |
tests were performed on all capacitors. This revealed 2 problem with the

flame spray termination, an electrical cure for which was subsequently g

devised and implemented. g

16.1 CAPACITOR HI-POTS AND CONDITIONING

It was decided to perform a 3 minute 20 kV hi-pot (the limit of the
apparatus) on each capacitor. The results were somewhat startling, as
much to engineering as to the personnel performing the test. The {first unit

to be tested, SN 2, burst open with a loud report at 17.5 kV, as shown in

b

Figure 84. Three additional units, S/N 1, 3, and 4, were tested behind a
hastily constructed shrapnel barrier, and all failed.

Failure analysis revealed a flashover failure at the termination,
similar to Figure 79(b). Dissection of the capacitor section revealed that,
because of sloppy application of flame spray and inadequate masking, metal
particles had penetrated the margin both at the center and 2* the cutside
edge. Additionally, these units had substantially more loose debris than were
observed during the tests reported in Section 13. Apparently the components
failed by flashing over a bridge of metal particles.

It was therefore felt that it would be possible to electrically condition
the capacitors to burn out the bridges while controlling the energy so as not

to damage the insulation. A pulsing fixture, to deposit known amounts of
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Figure 84. Capacitor with case rupture.
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energy, was built up, and all the remaining intact capacitors were pulsed

according to the following schedule:

4 pulses at 4kV
10 pulses at 8kV

10 pulses at 12kV
10 pulses at 16kV
10 pulses at 20kV
10 pulses at 24kV
3 pulses at 25kV

All units except S/N 6 successfully underwent this treatment, and subsequently
survived hipot. However, both leakage current and DF changed., Final and

comparison data is shown in Table 64.

16,2 PFN TEST

A single PFN coil and 5 capacitors were shipped to the High Power
Laboratory along with the units described in Section 9. Unfortunately,
because of delays by the air freight carrier, the capacitors did not arrive
until part way through the {inal day of testing. Because of this, and because
the high dissipation factor of the conditioned components would preclude high

rate operation, the unit was not tested.
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TABLE 64. FINAL DATA, P/N 036
S/N| DF (%) D.C. Leakage (pA) | Pulsed? Notes
11 0.38 1.6 No Case rupture
5 10,38 1.8 No Case rupture
3 10.32 1.7 No Failed 6 kV
4 | 0.32 1.55 Yes Fuiled 5 kV; pulsed;
later failed 17 kV
5 ;0,29 (C.78) 1.45 (17.0) Yes
6 | 0,28 (1, 15) 1,35 (1.3) Yes
7 | 0.28 i.85 Yes Failed hi pot
8 | 0,32 (1, 14) 1, 25 (1, 20) Yes
9 | 0,32 (0.57) 1, 35 (1.40) Yes
10 { 0.30 (0.53) 0.89 (3.8) Yes

Values in parentheses after pulsing.
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17.0 CONCLUSIONS

Fer a long time it had been suspected that the presence of dirt,
foreign particles, manufacturing defects, and poor materials has an impact
on the life, reliability, and size of energy storage capacitors. However,
most such components were made with old machinery and processes rela-
tively unchanged for over 40 years, and as a consequence many different

failure mechanisms were observed in each lot of capacitors:

e Winding machine set up e Low resistivity oil

. Paper and foil wander e Water in oil

° Fold-overs . Gas in oil

) Wrinkles e Incomplete impregnation
. Winding starts . Poor drying

e Foil and paper breakage . Tab failure

) Foreign material ° Bulk insulation failure

. Solder connections ° Corona at foil edges

The hypothesis adopted at the beginning of this program was that

great increases in life, reliability, and energy density could be made by

making the capacitors more mechanjcally perfect and from controlled
materials. An early result of the pursuit of this hypothesis was the tension
controlled capacitor winder. This single improvement allowed the electric
field to very nearly double while maintaining the required life, and it made
the component much more reliable, as well, One by one, the failure
mechanisms have been eliminated with process controls until only two types
of failures are observed: bulk dielectric failure (or random dielectric
failure), usually occurring early in the component life; and corona at foil

edges, the principal wear-out mechanism,
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In terms of actual components, the results of this prog.am are very
good., Capacitors for pulse service have been designed, fabricated, and
tested at 15 kV in the range 21J/1b to 77J/1b. Perhaps as impressive, the
components are extremely reliable; capacitors from a single lot wear out
within a few percent of total life of each other,

Finally, each technique used to develop these components is written
down in detail in the sections above. Techniques that were unsuccessful are
reported along with techniques that were successful, This has rarely been
done in the development of capacitors, and it is hoped that these data will
help anyone who is making capacitors to improve their product, and bring

the capacitor business closer to engineering and further away from '"black
art',
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APPENDIX A
STATEMENT OF WORK
CAPACITORS FOR AIRCRAFT HIGH POWER

1.6  INTRODUCTION

The objective of this program is to develop capacitor technology
in two performance regimes. One regime is characterized by small
capacitors operating -. several hundred pulses per second (Hi Rep) and
15 kilovolts. The other regime is characterized by much larger capacitors
operating af several tens of pulses per second (Lo Rep) and 40 kilovolts.
The performance regimes are sufficiently different that it is unlikely the
same dielectric cystem will satisfy both regimes. Although the dielectric
systems may be different, design philosophy and techniques, and manufac-
turing methods are expected to be common to the capacitors of both regimes.
Eventual use of both capacitors is likely to be in pulse forming networks

(PFN) so that the capacitors may have to nperate in a square pulse mode.

2.0 SCOPE

The contractor shall provide all materials, services, and equipment
for the completion of this prograin. During the first portion of the pro-
gram, the contracior will select the dielectric systems and conduct pad
tests to establish a firm base for achieving the required capacitor perform-
ance. As part of the pad development effort, the contractor will determine
the feasibility, desirability, and advantages of winding capacitor pads which
contain no kinks or wrinkles. An outline of the program tasks is given

below:

Dielactric Systems Selection i

* Pad Design

L

Wrinkle Free Capacitor Pads

199




MM e

-

Ty

Capacitor Cesigns

Capacitor Fabrication and Test

Heat Sink/Cooling Tradeoff Investigation
PFN Operating Environment
Reliability and Maintainability Analysis
Pulse Forming Networks

Foil Edge Investigation

Case Weight Minimization

Extended Foil Termination

Capacitor Design

PFN Design and Fabrication

PFN Test

GENERAL BACKGROUND

During the past several years, pulsed high power requirements have

grown to the point where electrical component and systems manufacturers

believe the market potential is sufficiently large for them to enter the field.

In the case of repetitively pulsed energy storage capacitors, programs

funded by the Government have orovided the impetus for much needed

developments. The result is that the technology is available for energy
storage capacitors with energy densities of 50-70 joules/lb at several
hundred pulses per second or 200-250 joules/lb at a few pulses per second.
Developments in the areas of dielectric films and impr=gnants, design and
fabrication techniques and methods, and understanding of failure mechan-
isms indicate that increases of three of four in energy density may be
attainable. This program is to develop capacitors which operate at several
hundred pulses per second with an energy density of 200 joules/lb and
capacitors which operate at several tens of pulses per second with an energy
density of 500 joules/lb.

4.0 TECHNICAL REQUIREMENTS/TASKS

The contractor shall develop capacitor technology for capacitors
operating in two diffcrent performance regimes. One regime is character-
ized by a relatively small capacitor operating at 15 kilovolts and several

hundreds of pulses ver second. The other regime is characterized by a

200




much larger capacitor operating at 40 kilovolts and several tens of pulses
per second. Throughout this program, the contractor must be aware that

this effort is to advance capacitive energy storage for eventual vse on

aircraft. The success of this program must not be achieved with concepts

which are infeasible for airborne use. This is an exploratory development

program of which a large portion is experimental in nature. Consequently,

accurate and reliable measurements are necessary to the program success.

To ensure that measurements made during the program are accurate and

reliable, calibrations of all measuring equipment shall be traceable to

standards set by the National Bureau of Standards, and a certifirate to this

effect shall accompany test data. The certificate shall also include the

manufacturer, model number, and serial number of the equipment used.

4.1 Dielec.ric System Selection

The contractor shall conduct analyses and experiments to select

the dielectric films and impregnant materials which offer the highest pro-

bability of achieving the performance given for the two capacitors in

paragraph 4. 4. The dielectric system for the two capacitors specified in

paragraph 4.4 may not Le the same. The contractor shall not construe that

the Government is desirous of using the same dielectric system for both
capacitors. Material costs shall not be a primary factor in the dielectric
system selection. The ease or difficulty of winding wrinkle free pads shall
not be a factor in the dielectric film selecticas. Performance as given in
paragraph 4.4 is by far the most important consideration. The contractor

shall not reject or eliminate an attractive dielectric film or impregnant

for cost reasons without written approval from the AFAPL project engineer

through the Procuring Contracting Officer.

4.2 Pad Decgign

The contractor shall design a pad for each capacitor specified in
paragraph 4. 4 using the lielectric systems selected in paragraph 4. 1.
Maximizing perfermance is the most important factor in the pad designs.

. For design purposes, the contractor shall assume he can make wrinkle




free pads. Problems associated with acquiring wrinkle free pads shall not
be dominant factors in the design. Wrinkle free construction is a means

to help achieve the required performance and is not to be considered an end
in itself. Normal economies such as using available or standard material,
available winding mandrels, winding machines already set up in a specific
way, standard or previously desig..ed containers or bushings, etc. shall be

included in the design only if performance is in no way reduced.

4.3 Wrinkle Free Capaciter Pads

Capacitor pads are usually wound on a motor driven winding machine
which runs at a rather rapid rate. The rapid winding rate is necessary for
high production and low unit cost. Materials which must be wound for
energy storage capacitor pads are very thin plastic films, paper, and
aluminum foil. Rapidly winding such thin materials results in unavoidable
kinks and wrinkles in the wound pads. When the pads are incorporated into
capacitors and charged to the operating voltage, the kinks and wrinkles
become the sites of very high electric fields and can lead to failure. The
result is that when a number of such capacitors are tested to establish the
perfcrmance rating, failures induced by kinks and wrinkles can significantly
reduce the performance rating which might have been established had there
been no kinks or wrinkles. Typically, capacitor pads are wound round then
flattened to increase the packing factor. The flattening process can also
produce kinks and wrinkles. A completed capacitor consists of one or more
pads in a container. To maintain a high packing factor, the pads are often
subjected to considerable pressure as they are encased. Hydraulic and
pneumatic presses are frequently used to put pads in the case. This press-
ing operation is another possible source of kinks and wrinkles in the

capacitor pads.

4.3.1 The fabrication of capacitor pads containing no kinks or wrinkles
is the major manufacturing thrust of the program to achieve the required
performance. Wrinkle free characteristics in themselves are of little

interest but significant performance gains are expected in the absence of
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kinks and wrinkles. The contracto: shall establish the techniques, pro-
cedurcs, processes, etc. necessary to fabricate capacitor pads containing
no kinks or wrinkles. Unit fabrication costs shall not be a primary factor

in establishing the fabrication techniques, procedures, processes, etc.

4.3.2 The contractor shall fabricate a sufficient number of wrinkle
free pads to demonstrate a capacitor mean life of a least 106 shots at the
periormance specified for the two capacitors in paragraph 4.4. The pads
shall be fabricated in accordance with the designs gensrated under para-
graph 4.2 and with the fabrication techniques, procedures, processes, etc.
established under paragraph 4.3.1. These pads shall not be flattered and
shall not be pressed into the casa. The contractor shall do everything

possible to ensure that these capacitor pads contain no kinks or wrinkles.

4.3.3 The contractor shall test the capacitor pads fabricated under
paragraph 4. 3.2 and demcastrate a capacitor mean life of 106 shots at the
periormance specified for the two capacitors in paragraph 4.4. Each pad
which fails shall be subjected to a failure analysis. The fzilure analysis
shall include compiete disassembly of the pad and determination and
documentation of the location, nature, probabie cause, and suggested remedy
of the failure. Any pads which are tested but do not fail shall be disassem-
bled and inspected to determine if, in fact, they contained no kirnks or

wrinkles.

4.4 Capacitor Designs

Based upon the dielectric systems selected under paragraph 4.1
and the results of the work under paragraph 4.2 and 4. 3, the -ontractor

shall design a capacitor for the Hi Rep regime given below:
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Lo Rep

Energy Density

Joules/1b 200 500
Joules/in3 3 10
Voltage 15 kilovolts 40 kilovolts
Pulse Width 20 psec 20 pusec
Pulse Energy 500 joules 2.5 kilojoules
Pulse Rate 300 pulses/sec 50 pulses/sec
Pulse Train Length 2x104 pulses 3x103 pulses
Time Between Pulse Trains 2 hours 2 hours
Life (number of pulses) 106 106
% Voltage Reversal 20% 20%
Inductance 20 nh 20 nh
Shelf Life 1 Yr 1¥Yr
Ambient Temperature 160°F 160°F
4.4.1 The contractor shall provide an estimate of both the Hi Rep

capacitors under the assumption that wrinkle free pads are not avail-
able. This is to allow a comparison to be made of capacitors contain-
ing wrinkle free pads with capacitors containing standard production pads.
The estimates shall include energy density, volurne, and life with the other
performance parameters given in paragraph 4.4. The estimates shall be
based on the contractor's previous experience. Detailed designs, hardware
iabrication, or experiments shall not be done to make the estimates. Upon
completion of this task, the Contractor shall give an oral presentation

covering all effort to date. (See paragraph 5.1.2.)

4.5 Capacitor ¥Fabrication and Test

The contractor shall fabricate wrinkle free capacitors in accordance
with the two designs complted under paragraph 4.4. The capacitors shall
be fabricated to maximize performance. These wrinkle free capacitors
shall be fabricated with the fabrication techniques, procedures, processes,
etc. established under paragraph 4.3.2. Fabrication economies may be

pursued only if performance is in no way compromised or reduced.
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Twenty capacitors shall be fabricated. These capacitors shall be housed in

cases specifically designed for this application. The intent is to provide
lightweight, though nct necessarily weight-optimized, cases. Each capaci-
tor which fails shall be subjected to a failure analysis, The failure analysis
shall include complete disassembly of the capacitor and determination of the

location, probable cause, and suggested remedy of the failure.

4.6 Special Measurements

4.6.1 Temperature and Voltage Measurements - Throughout the

testing portions of this program the contractor shall make accurate temper-
ature and voltage measurements. Temperature measurements of interest
are bulk temperatures for the purpose of accurately establishing the temper-
ature rate of rise for capacitors during operation. Whenever feasible the
contractor shall measure bulk temperature when both pads and capacitors
are tested. Voltage measurements made on pads and capacitors shall be
within an accuracy of 0.50%. This requirement is necessary since a
number of performance parameters are strong functions of voltage and

relatively small error in voltage can produce a relatively large error in the
parameter.

4.6.2 Pulse Shape Analysis - During tests of both pads and complete

capacitors, the contractor shall include the instrumentation necessary to

record and analyze the output pulse shapes. The contractor shall use the

W
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resulting information to establish the electrical parameters of the pads and
capacitors, evaluate the fabrication techniques and materials, and deter-

mine if this information can be used to predict incipient failures.

4.7 Heat Sink/Cooling Tradeoff Investigation

The contractor shall conduct an investigation to determine from
wright, volume, and performance considerations when it is advantageous to

actively coo! capacitors and when it is advantagaous to iet the capacitor

absorb the heat generated, i.e., heat sink. The tradeoff between cooling

and heat sinking shall be made as a function of materials, dissipation factor,
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repetition rate, average power, running time, ambient temperature, energy

stored, geometry, etc. Active cooling investigations shall include such

approaches as forces air cooling, forced liquid cooling both internal and
external to the capacitor case, conductive heat paths, heat pipes, etc. The

results of this investigation shall establish when it is advantageous to use

active cooling as compared to heat sinking.

4.8 PFX Operating Environment

The contractor shall establish the conditions to which a capacitor
is subjected when it is used as a component in a pulse forming network
{(PFN). Although this program is to develop capacitors, the eventual
applications are expected to be in PFN's. Consequently, it is necessary to
establish the PFN environment and ensure that the capacitors will survive
in the environment. The contractor shall analytically and/or experimentally
establishthe conditions under which each capacitor of a six section PFN
wast function. Based o1 ‘hese findings, the contractor shall generate a
test plan {or capacitor tests which will demonstrate that the capacitors will
survive operation as PFN components. The test plan shall include a des-
cription of the equipment necessary to complete the test plan. Ten (10)

days approval time required by AFAPL.

4.9 Reliability and Maintainability Analysis

The contractor shall perform a reliability and mairtainability
analysis on the capacitors and shall include in the final report a qualitative
analysis and numerical prediction of the potential reliability and maintain-
ability. Data to be analyzed shall be limited to that developed as a result
of the development and testing otherwise required and data otherwise
available. Additional or duplicative research or testing for the sake of
making the predictions will not be undertaken. The level of effort contem-

plated for R&M analysis is not t> exceed 40 manhours.
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Pulse Forming Networks (PFN)

The contractor shall fabricate, checkout, 2nd deliver one type E
PFN. This PFN shall utilize the capacitors fabricated according to £.5.
Since the PFN is based on the successful development of the Hi Rep capaci-
tors, the Government must be sure that the required capacitors have been
developed. Therefore, the contrac.or shall not initiate any effort or expend
any funds on this task until he receives written authority from the Procuring
Contracting Officer {PCQC). Upon receipt of written autihiority, the contractcor

shall fabricate one PFX with the following characteristics:

Energy Storage/PFN, Kilojoules 3
Mumber of L-C sections 6
PFN voltage, kilovolts i3
PFN total capacitance, microfarads 26. 667
PrY tota! inductance, microhenries 3.759
Current discharge/PFN, kiloamps 20.0
Current fault/PFN, kilocamps 40.0
Pulse shape rectangular
Pulse width (20% to 96% amplitude) 2% psec
Rise time (10% to 902 amplitude} 2 usec
Fall time (90% to 10% amplitude} 4 usec
Pulse repetition rate, pulses./se- 300

4.10.1 The contractor shall checlout the PFN to ensure proper spera-

tion. To prevent requirements for large power supplies, the contractor

shall limit the PEFN checkouts to singiz shot operation.

4,11 The contractor shall investigate methods for treating foil edges
to eliminate the irregularities that result irom the standard foil manufac-

turing process and which lead to field enhancement and eventual capacitor

[l
i

failure. Also, the contractor shall perform a capaciter weight minimizatic

=

study based on the peak field at the foil edges and the ratio of dielectric film

to foil thickness.
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At the end of this task, the contractor shall give an oral presentation
identifying the most promising foil 2dge treatment technique(s). The con-
tractor shall also describe the edge treatment process in sufficient detail
such that this information may be used to define a process and design equip-
ment to produce large quantities of this {oil. The results of the capacitor

weight minimization study shall also be presented at this time.

4,12 The contractor shall perform a case weight minimization study
and build several prototype cases to demonstrate fabrication techniques and
verify weight projections. As a minimum, the study shall consider weight,
material strength, terminations, and techniques to provide leak-proof seals.
The cases shall be of sufficient size to house capacitors of the type described

in paragraphs 4.4 and 4.5 and shall include terminals.

4,13 The contractor shall develop appropriate end terminations for
extended foil capacitors to be used in pulsed, high voltage, high current
applications. Specifically, capacitors with these terminations should operate

satisfactorily in the PFN specified in paragraph 4. 15,

4.14 Using the termination techniques developed in paragraph 4.13,
the contractor shall design capacitors to operate in the pulse forming net-

work (PFN) specified in paragraph 4. 15.

4.15 Based upon the capacitor designs of paragraph 4. 14. the con-
tractor shall design and fabricate two PFNs to the following specification
goal:

Number of Sections 4

Pulse Width 10 psec = 5% (50% amplitude)

Characteristic Impedance 1. 125 ohms

Total Capacitance 4, 44 pf nominal

Peak Charging Voltage 36 kV

Pulse Rate 50-100 pus

Duty Cycle 90 sec on time burst with 2 hours

between bursts

208




Life Design Gual 105 pulses

PFN Total Weight Goal 12 kg
Resonant Charging Time 1. 67 msec nominal
Maximum Voltage Reversal 10%

4,16 The contractor shall test the two PFNs fabricated according to
paragraph 4. 15 to insure proper operation. The testing shall be done at a
govzrament installation such as ECOM (Ft. Monmouth) or RADC (Griffis
AFB).
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WINDER DRAWINGS
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Figure 85. Drive disc-capacitor winder.
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Tension arm assembly,

Figure 114,

THIS PAGE IS BEST QUALITY PRAGTICABLE
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APPENDIX C

OPERATING INSTRUCTIONS
OIL IMPREGNATION SYSTEM
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APPENDIX C
OPERATING INSTRUCTIONS
OIL IMPREGNATION SYSTEM

Dielectric fluids use to fill capacitors and other oil impregnated
units shall be delivered to the site in the original shipping containers
or in five gallon stainless steel safety cans.

Transfer fluid to the side loader of the Red Point as follows.
(See drawing)

Obtain a pre-cleaned, 5 gallon, stainless steel pressure vessel
(Millipore XX67-000-55 or equivalent) from the Cleaning Lab.

Pour fluid from original container or safety can into the pressure
vessel. Use a large stainless steel funnel tc minimize spillage.
Secure the cover on the vessel and open the vent valve.

Disconnect flex line (A) at T-fitting (B), and connect flex line to the
outlet fitting or the pressure vessel.

Close the vacuum valve on the main chamber.

Close fluid valves 1, 2, 3, and 4, and the bleed ard backfill valves.
Open the vacuum vaive on the side loader.

Turn on the vacuum pump switch on the console.

Turn on the lamp switch. Adjust lamp (C) over the rear viewing
port to illuminate the interior of the side lcader when viewed through
the front viewing port.

Crack valve (1) slowly to let fluid flow into the side loader. Adjust
the flow rate to minimize splashing and foaming. Fill the inner can
to approximately four (4) inches from the top.

Close valve 1).

Turn off the vacuum pump.
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Open the bleed valve to vent the side loader.

Disconnect flex line (A) from the pressur~zvecsel and reconnect the
flex line to T -fitting (B).

Fiiter the fluid to remove particle contaminaticn as follows.

Read the Cpoerating Instructions for the Model SAI-A Sandpiper Pump.
Open valves (1) and (2).

Open the air supply valve on the wall.

adjust the air pressure regulator on the pump to 40 PSIG.

Adjust the air inlet metering valve to give a pump cycling rate of
approximat.’'y 60 cycles per minute.

Pumg fluid through the filter for five (5) hours.
Obtain pre-cleaned 590 mi bottles from the Bldg. 20 Cleaning Lab.

Open samgling valve (4) slowly and drain off approximately 500 mt
of fiuid into 3 waste can.

Collect a sample 1n 2 pre-cleaned bottle, {ill in the lebel, and
deliver the sampie to the Cleaning Lab for analysis. Continue
filtering the fluid while awaiting results of th2 ana'’ysis. This
analysis shall :nciude the following tests.

Test Reguirement
Aaximum
Siz: Range No. per 150 ml

Larticte Count 10-23 ¢ 500
25-56 300
50-199 3C

100 15

Fibers id

Veolume Resistivity (chm-cm) Report

Dielectr:c Breakdown (Volts/mil) Report

Water Conten:, (PP\!; Report

Filtering shall be d:scontinued when a sarnple meets the above

particie count requirement.
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Close the air supply valve on the wall.

—

Close valves (1) and (2). This batch of fluid is now ready for the

degassing operation.

Dry and degas the capacitors as follows.

Install the capariter(s) in the main chamber along with one pre-
cleaned, wide mouth sample bLgstile.

4.2 Attach a thermocouple to one capacitor on an outside surface facing
the center of the main chamber.

4.3 Attach feedthrough wires to this capacitor for external monitoring
of changes in dissipation factor during the drying operation.

1.4 Secure the dome lid on the main chamber.
4.5 Open the vacuum valve to the main chamber. :
4.6 Close the vacuum valve to the side loader and closze the bleed and

vackfill va'ves.
4.7 Turn on the refrigerator compressor and the vacuum pump.

4.8 Turn on the main chamber heater and set the temperature
controller at 223°F.

4.9 Micnitor the pressure in the chamber, the chamber walt temperature,
and the capacitor can temperature. Read Section 5 below.

e

- .10 Adjust the tem,.~rature controller to maintain the capacitor can
) temperature at 21¢ 250F,

, 4.1 Continue the evacuation and heating cycie for approximately 48 hours
or until the dissipation factor on the test capacitor {See 4.3} has
reached a stable, minimum value.

5. Dry and degzas the fluid as follows. This operation should be -
initiated approximately 24 hours after the capacitor can temperature
(See 4.10) has stabilized at 210 #5°F.

DN
YT .

5.1 Close ine vacuaum valve on the main chamber.

Ve W

5.2 Open the vacuum valve on the side loader VERY SLOWLY. This
is a two man coperation to minimize foaming. The first man should
observe the fluid through the front viewing port. The second man
shocld control the pressure by adjusting the vacuum valve and/or

the sije loader bleed valve to keep the flnid from foaming out of

: - the "aner can. Gross foaming will cease in approximately fifteen
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minutes. A3 foaming ceases, close the bleed valve and opua the
vacuum valve slowly to the full open position.

5.3 Turn on the side loader heater and adjust the temperature countroller
to 2250F.

I Monitor the pressure in the side loader, the chamber wall temper-
ature, and the inner can fluid temperature.

SL5 When the inner can fluid temperature reaches 210°F, adiust the
R . N N O °
controller to maintain the fluid temperature at 210 25°F. Elapsed
time to reach 210°F is ten to twelve hours.

3.6 When the pressure in the side loader is reduced to 300 microns,
close the vacuum valve on the side loadzr and open the vacuum
valve on the main chamber.

W

When the pressurein the mawn chamber is reduced to 500 microns.
open the vacuum valve on the side loaaer. Both the side loader and
the main chamber are now being evacuated and heated simultareously.

»n
e

Continue to monitor the dissipatiion factor on the test capacitor, and
the pressures and temperatures in both chambers. The clapsed
time for this step should be five hours minimum, however, there

:s no direct method to measure resideal dissolved gas or residual
water in the {luid. Therefore, the cngnizant Program Nanager or
his designated representative will make the final dec:s:on on when to
terminate the degassing operat:on.

o. Impregnate the capacitors as foliows.

o. !l Rotate the platform. in the man chamber to position a capacitor under
the fluid transfer line.

0.2 Crack valve 13 VERY SLOWLY to allow fluid to fiow from the side
loader into the capacitor at a very slow, almost drop-wise, rate.
When this capacitor iz completely filled, proceed to fill the remain-
ing units in the same manner.

0.3 Fill the sample bottle in the same manner. Bottle must be filled to
within 1/4 inch of the top.

6.4 Close the vacuum valve on the side loader. Shut off the side loader
heater.

6.5 Close the vacuum valve on the main chamber.

6.6 Shut off the refrigerator compressor and the vacuum pump.
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Backfill the main chamber with dry gaseous nitrogen by connec.ing
the gas bottle to the backfill port, setting the regulator to 15-30
psig, and cpening the backfill valve. The nitroger. shall be per
MIL-P-27401B, Type I, or per BB-N4ilb, Type I, Class I, Grade A
or B.

6.8 Whe » the pressure in the main chamber reaches one atmosphere,
shut cff the nitrogen and open tue cover.

6.9 Immediately replace the mylar secal and the cap on the sample
bottie and remove same from the chamber. Fill in tke level and
forward sample to the Cleaning Lab for analysis.

6.10 Immediately seal the capacitors.

6.11  The analyticat tests on the fluid sample shall be as fcllows.

Test

Particle Count

Wacer Content (ppm:)

Volume Resistivity (chm-c.n!
Breakdown Strength (V/mil)

e on the side loader whea the inner can fluid

6.12 Cpen the 4
: ecayed o 10C°F.

eed val
temperat: d

! Y
re has

electrical devices and all pressurizing gases a-e shut

-

iy
.
o

"
]1




WALSAS NOTLLVYNOWHAWE 110 1
DILVWIHDS ' 2anfiyg .,

o
dWnd “
YIBWYHD ,
Y NIV
3
(v) IAIVA 3 () (g) )
ONITdWYS | JATVA  JATVA 2
| 3
| ~
: , -
{8) ONILLI4~ L n NVD “ i
1 ~ ] o
bOWINNL o m
! X @ B
“ | [t .__...,
&
Y30VO w
3018 :
140d ;
ONIM3IA /X‘O y
7/ INOYd — TN 2
(v) 3N11 X374
R
- _, (o)
(1) ANIVA “s ~ LHOd DHIMIIA
YV NO dWV

\ \

» - -0y !;—si},i}} v

[t &.r_ .
1

NN

]




